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INTRODUCTION 


The  work  performed  over  the  past  year  of  this  contract  is  summarized  in 
three  sections.  The  first  is  comprised  of  the  final  report  documenting  the 
work  of  Lori  Grant  on  characterizing  small  explosion  seismic  source 
functions.  Section  two  summarizes  talks  and  papers  given  in  the  past  year 
under  this  contract.  The  final  section  contains  reprints  of  three  papers 
published  under  this  contract  in  the  last  year. 

Experimental  Determination  of  Seismic  Source  Characteristics  for  Small 
Explosions  by  Lori  Grant  describes  a  set  of  experiments  and  analysis  designed 
to  characterize  the  equivalent  elastic  source  functions  of  explosions  in 
different  media.  The  particular  tests  studied  were  in  alluvium  and  a  set  of 
site  characterization  procedures  were  developed  to  support  the  source  study. 
The  techniques  and  format  developed  in  this  study  could  be  applied  to  other 
geological  media.  Bounds  are  placed  upon  the  explosive  source  function 
constrained  with  only  the  site  characterization  data  and  then  compared  to  the 
model  developed  from  the  actual  explosion  data.  This  comparison  quantifies 
the  predictive  capability  for  the  explosive  source  function  in  a  new  media.  In 
the  inversion  of  the  observational  data  for  the  equivalent  seismic  source 
function  a  strong  trade-off  is  identified  between  the  shear  wave  velocity  of  the 
medium  and  the  symmetry  of  the  equivalent  source  function.  This  last  result 
emphasizes  the  need  to  include  a  good  characterization  of  the  P  and  S  wave 
properties  of  a  test  site.  Unfortunately  S  or  shear  wave  characterization  tools 
are  not  as  well  developed  as  those  for  P  or  compressional  waves. 

Two  papers  were  presented  at  a  variety  of  technical  meetings  in  the  last  year. 
The  abstracts  from  these  talks  are  included  in  section  3. 

Three  papers  were  published  in  the  past  year.  Two  appeared  in  the  Bulletin 
of  the  Seismological  Society  of  America,  Stochastic  Geologic  Effects  on  Near- 
Field  Ground  Motions  in  Alluvium  and  Experimental  Confirmation  of 
Superposition  from  Small  Scale  Explosions.  The  third  paper  published  in 
Journal  of  Geophysical  Research  is  entitled  Effects  of  Source  Depth  on  Near- 
Source  Seismograms. 

This  year  of  research  has  focused  on  a  transition  from  our  previous  source 
studies  to  an  increased  emphasis  on  the  geophysical  characterization  of  the 
shallow'  near-surfare  environment.  This  characterization  is  needed  to 
improve  our  ability  to  quantity  tne  seismic  source  function  as  well  as  estimate 
the  explosive  ground  motion  loading  one  might  expect  in  a  particular 
geological  material.  The  papers  in  the  Bulletin  summarize  our  early  attempts 
to  separate  the  s/nr/wsbr  ami  drtrrministir  narts  of  lh:  vva vt  field 
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A  deterministic  source  model  is  defined  using  three- 
component  acceleration  data  from  seven  5  lb.  test  shots 
recorded  with  identical  instrumentation  all  within  the  same 
test  bed.  Observational  ranges  are  between  5  and  GO  meters 
with  good  azimuthal  coverage. 

Inversions  are  done  utilizing  the  moment  tensor 
representation  (M=G_1U)  ,  where  M  is  the  second  order  moment 
tensor  containing  source  information,  G  is  the  matrix  of 
Green's  functions  and  U  are  the  observed  seismograms.  The 
Green's  functions  are  based  on  a  velocity  model  derived  for 
the  test  site.  Moment  tensor  inversions  with  observational 
data  ’‘osult  in  source  strengths  of  between  .6  and  4  X  1015 
dyne-cm  for  the  layered  half-space  and  between  2  and  8  X  1015 
dyne-cm  when  the  half-space  path  functions  are  used. 

Forward  models  are  calculated  for  a  range  of  site- 
models.  The  moment  calculated  from  forward  models  is  between 
1.1  and  2.5  X  1015  dyne-cm.  Sensitivity  studies  with  the 
synthetic  data  set  emphasize  the  importance  of  shear  velocity 
in  separating  source-path  trade-offs. 
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CHAPTER  1 


INTRODUCTION 

The  objective  of  this  research  is  to  improve  our  under¬ 
standing  of  explosion  source  functions.  Carefully  controlled 
small  scale  tests  are  utilized  in  a  two-step  approach  to 
define  a  deterministic  source  model.  The  first  step  is  to 
produce  forward  models  of  near-field  waveforms  using  analytic 
source  functions  and  numerical  Green's  functions.  These 
synthetic  seismograms  are  then  compared  to  the  observed  seis¬ 
mograms  to  quantify  the  path  effects.  The  second  step 
utilizes  the  Green’s  functions  obtained  in  Step  1  in  an 
inversion  of  the  observed  seismograms  for  the  six  time 
functions  of  the  second  order  moment  tensor  representing  the 
source.  The  inversion  scheme  was  developed  by  Stump  and 
Johnson  (1984  (see  also  Stump  and  Johnson  (1977)  and  Stump 
(1979)  )  . 

The  main  application  of  results  from  this  study  is  to 
aid  in  the  refinement  of  yield-scaled  source  models  with  the 
goal  of  better  estimating  explosion  yield  from  seismic  obser¬ 
vations.  Interest  in  this  subject  has  recently  increased  as 
requirements  of  a  verifiable  test  ban  treaty  are  becoming 
more  severe. 

A  large  body  of  observational  data  exists  and  has  been 
used  to  empirically  constrain  source  parameter  scaling  rela- 
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tions  for  the  explosion  seismic  source  function  (ESSF) . 
However,  despite  the  advances  in  modeling  the  ESSF  the  rela¬ 
tionship  of  seismic  amplitude  to  event  yield  is  still  not 
clear.  The  problem  is  illustrated  in  Figure  1.1  taken  from 
OTA  report  of  May  1988.  Seismic  magnitude  is  plotted  against 
event  yield  from  UNE  tests  at  NTS.  Magnitude  is  related  to 
the  log  of  the  amplitude  of  teleseismic  body  waves .  The 
scatter  in  the  data  points  represents  a  variation  in  seismic 
magnitude  for  a  given  yield.  Assuming  the  appropriate 
magnitude-yield  curve  has  been  calculated,  the  ability  to 
predict  event  yield  from  magnitude  is  at  least  limited  by  the 
scatter  of  the  data. 

As  another  example,  peak  acceleration  versus  distance 
from  the  source  is  plotted  in  Figure  1.2  for  several  UNEs  at 
Pahute  Mesa,  NTS.  The  Kearsarge  test  is  the  most  recent 
event  at  a  yield  approaching  the  1974  Test  Ban  Treaty 
threshold  of  150  kt .  Kearsarge  observations  exhibit  a  factor 
of  7  scatter  in  peak  acceleration  at  a  single  range.  (B.  Stump 
personal  communication,  August,  1988). 

The  scatter  illustrated  in  Figures  1.1  and  1.2  makes  it 
difficult  to  develop  a  simple  magnitude-yield  scaling 
relation  even  when  the  tests  have  the  same  source  medium  as 
in  F igure  1.2. 


A.  Explosion  Seismic  Source  Function 
The  fundamental  goal  in  source  studies  is  to  obtain 
specific  time  history  of  the  explosion  seismic  source 
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Figure  1.2.  Peak  scaled  acceleration  versus  scaled  range  f 
nuclear  explosions  at  Pahute  Mesa,  Nevada  Test  Site.  This 
plot  illustrates  the  factor  of  2  scatter  that  is  observed  i 
the  peak  accelerations  from  nuclear  explosions.  (From  B. 
Stump,  personnal  communication) 
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function  (ESSF) .  Masse  (1981),  in  his  review  of  underground 
nuclear  explosion  source  models,  suggests  that  an  adequate 
source  model  may  combine  several  different  mechanisms  in  se¬ 
quence  to  explain  observed  seismic  signals.  Stump  (1985), 
for  example,  has  successfully  modelled  near-field  explosion 
waveforms  as  a  combination  of  the  spherically  symmetric  ex¬ 
plosion  followed  by  cylindrically  symmetric  spallation  of  the 
near  surface  layers.  It  is  convenient  to  branch  into  two 
categories  of  source  studies  at  this  point.  The  first  de¬ 
scribes  that  part  of  the  source  which  is  spherically  symmet¬ 
ric  or  isotropic  and  concerned  with  the  transfer  of  chemical 
(or  nuclear)  energy  into  seismic  disturbance;  the  second 
includes  all  non-isotropic  source  contributions. 

1 .  The  Isotropic  Source 

Rather  than  beginning  at  the  exact  point  of  detonation, 
the  task  of  describing  the  isotropic  source  function  is 
simplified  by  assuming  an  "equivalent"  source  acting  at  the 
"elastic"  radius.  The  elastic  radius  defines  a  volume  inside 
which  pressures  are  too  large  to  apply  infinitesimal  strain 
theory.  At  radial  distances  beyond  the  elastic  radius 
pressures  are  sufficiently  reduced  so  that  Hooke's  law  can  be 
applied  relating  pressure  to  displacement. 

For  this  approximation  to  be  valid,  the  data  should  be 
dominated  by  wavelengths  that  are  longer  than  the  elastic 
radius.  The  reasoning  is  that  when  the  seismic  wavelengths 
of  the  data  are  longer  than  the  elastic  radius,  the  details 
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cf  the  source  inside  the  elastic  radius  cannot  be  resolved  by 
the  data.  In  other  words,  the  data  are  not  contaminated  by 
source  details  which  are  not  included  in  the  physical 
description . 

The  smallest  expected  wavelength  for  this  data  set  is 
4.5  m.  This  value  is  the  ratio  of  the  slowest  expected  P 
velocity  in  the  test  site  (270  m/s,  Section  2.B.1)  with  the 
highest  frequency  in  the  data  (  60  Hz,  Section  2. A. 2) .  The 
dominant  frequency  in  the  velocity  spectra  (shown  in  Appendix 
B) ,  10  Hz,  corresponds  to  a  wavelength  of  27  m. 

This  method  of  assuming  an  equivalent  elastic  radiator 
was  first  discussed  by  Sharpe  (1942)  who  formulated  the 
response  of  an  elastic  whole  space  to  an  arbitrary  pressure 
pulse  on  the  inside  of  a  spherical  cavity.  In  the  idealized 
statement  of  the  problem  the  perfectly  spherical  cavity 
exists  in  an  isotropic  homogeneous  elastic  wholespace.  Under 
these  conditions  an  explosion  produces  displacements  only  in 
the  radial  direction;  spherical  compressional  waves  emanate 
from  the  center  of  the  equivalent  radiator. 

The  wave  equation  for  this  problem  reduces  to  one 
dimension  in  spherical  coordinates 


(1.1) 


d?\\!  _  2  d?V|/ 

a^7  ~  c?9t2 


where  solutions  are  in  terms  of  the  potential,  \jl.  Displace¬ 
ments  are  related  t.o  the  potential  by 
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(1.2) 


u  (r,  t) 


d  / 

~  (vCtJ/r) 

dr 


where  %  ~  t  -  (r  -  rei)  /c  is  the  arrival  time  at  r  as  a 

function  of  the  compressional  velocity,  c. 

Sharpe  found  solutions  to  Equation  1.1  satisfying  the 
boundary  condition  that  the  pressure  applied  to  the  interior 
cavity  must  equal  the  radial  stress  in  the  medium  at  the 
cavity  radius  (r  =  rei) 

(1.3)  -  [  (X+2J1)  3u/3r  +  2^(u/r)]  r*rel  =  p(t) 


Solving  Equation  1.3  for  displacement  and  substituting  into 
Equation  1.2  gives  the  relation  between  potential  \l  (X)  and 

pressure,  p  (t)  . 

(X  +  2(f)  ..  s  4|i  .  4}1  I 

(1.4)  -  - —  + - W+  — —  v(x)  =  p(t) 

-  rt.;2c  reJ'c  rej3c  Jr=re; 

Frequency  domain  solutions  have  been  published  by  Latter 
(1959)  and  Blake  (1952). 

Dimensional  analysis  of  Equation  1.2  shows  that  the 
potential  has  units  of  volume.  Because  the  potential  is 
independent  of  distance  from  the  source  it  is  often  called 
"reduced"  displacement  potential  abbreviated  RDP . 


8 


Carrying  out  the  partial  derivative  Equation  1.2  becomes 

(1.5)  u  ( r ,  t )  =  r-?  (yd)  )  +  (^) 

At  large  distances  from  the  source,  the  first  term  in 
Equation  1.5  is  much  smaller  than  the  second.  Thus  the  far- 
field  (r  »  rei)  displacement  is  approximated  by 

(1.6)  u  (r,  t )  =  -1-  (^) 

'  cr  '  dt  y 

Equations  1.4  and  1.6  are  the  foundation  for  calculating 
the  seismic  source  function.  Specific  pressure  functions  in 
Equation  1.4  lead  to  a  predicted  shape  of  the  reduced 
displacement  potential  (RDP)  independent  of  travel  path  and 
distance  from  the  source.  When  the  potential  is  inserted 
into  equation  1.6,  ground  motion  is  predicted. 

Once  scaling  relationships  of  the  RDP  are  known, 
equations  1.6  can  be  used  to  predict  the  ground  motion  of  an 
unknown  explosion  source.  What  is  necessary  in  developing 
scaling  relations  is  to  determine  how  the  RDP  changes  as  each 
of  the  variables  in  Equation  1.4  change. 

Werth  and  Herbst  (1963)  used  Equation  1.6  in  a  different 
approach.  They  obtained  potentials  from  measurements  of 
ground  motion  near  the  elast ic  radius  of  nuclear  explosions 
detonated  in  four  media  types.  Their  far-field  RDPs  for 
tuff,  salt,  granite  and  alluvium  are  shown  in  Figure  1.3a. 
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Figure  1.3.  Reduced  Displacement:  Potentials.  Cui  ves  are  lor 
explosions  in  tuff,  salt,  granite  and  alluvium.  (a)  Time 
domain  (b)  Frequency  domain.  (From  Worth  and  Herbst,  1963) 
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The  Fourier  transforms  of  the  far-field  RDPs  are  shown 
in  Figure  1.3b.  The  data  used  by  Werth  and  Herbst  were  free 
field  measurements.  The  instruments  were  at  depth  in  a 
horizontal  plane  with  the  device.  Thus  the  free  surface 
effect  which  may  increase  the  amplitude  by  a  factor  of  two 
does  not  contaminate  the  data. 

Near-source  free-field  data  of  the  type  used  by  Werth 
and  Herbst  are  not  often  available.  The  standard  approach  is 
to  correct  observed  seismograms  for  features  not  related  to 
the  detonation  (e.g.  attenuation;  and  then  fit  an  analytic 
function  to  the  remaining  data  which  is  interpreted  as  the 
equivalent  source. 

Haskell  (1967)  fit  the  curves  in  Figure  3b  with  simple 
analytic  functions  describing  the  characteristics  in  terms  of 
three  parameters:  steady  state  or  DC  level  of  potential, 
y( 0) ,  which  is  related  to  the  residual  displacement  produced 

by  the  explosion;  source  overshoot,  the  ratio  of  the  peak 
potential  to  the  steady  state  potential;  and  a  time  constant 
specifying  the  characteristic  time  of  the  source  function 
(i.e.  corner  frequency). 

Mueller  and  Murphy  (1971)  followed  Latter's  (1959)  steps 
to  express  the  RDP  in  the  frequency  domain  in  terms  of  the 
pressure  function.  From  forward  models  of  close-in 
observations  of  UNEs  they  incorporated  the  effects  of  device 
burial  depth  and  medium  characteristics  in  defining  the 
pressure  function.  The  Mueller-Murphy  model  is  one  of  the 
most  extensively  used  source  models.  It  is  the  primary  model 
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used  in  this  study  because  of  the  ability  to  incorporate 
depth  effects  and  other  physical  measurements  affecting  the 
source  function.  Section  B  in  Chapter  3  is  devoted  to  the 
description  of  the  Mueller-Murphy  source  model. 

Several  additional  models  have  been  developed  over  the 
past  30  years  which  fit  near-field  and  teleseismic 
observations:  von  Seggern  and  Blanford  (1932)  modified 
Haskell's  model  based  on  teleseismic  observations  of  three 
UNEs;  Helmberger  and  Hadley  (1981)  utilized  both  local  and 
teleseismic  observations  of  two  NTS  events  to  propose  yet 
another  modification  of  Haskell's  model.  Burger  et.al.  (1987) 
made  comparisons  between  the  Helmberger-Hadley  model  and  the 
Mueller-Murphy  model  to  determine  Q. 

Physical  phenomena  which  may  vary  with  explosive  type, 
emplacement  media,  depth  of  burial,  shape  and  size  of  cavity 
among  other  parameters  complicate  the  problem  of  RDP  yield 
scaling.  Problems  arise  when  the  RDP  obtained  for  a  source 
detonated  in  one  medium  is  used  to  predict  the  RDP  of  a 
source  of  different  yield  detonated  in  a  different  meoium  at 
a  different  depth  because  scaling  re  uticns  are  not 
adequately  known.  Recent  review  articles  which  outline 
current  understanding  in  this  area  include:  Minster  (1985), 
Bache  (1982),  and  Masse  (1983). 

Many  of  the  unresolved  questions  center  around  the  de¬ 
pendency  of  source  coupling  on  shot  parameters.  Basically, 
coupling  efficiency  decreases  as  ma  rial  strength  increases 
(increasing  depth)  because  the  amplitude  of  the  pressure 
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function  depends  on  the  residual  displacement  which  is 
smaller  for  more  competent  rock.  Coupling  efficiency  also 
decreases  as  air-filled  porosity  increases  (decreasing  depth) 
because  more  energy  is  spent,  in  collapsing  the  pore  spaces. 
Trade-offs  must  be  understood  before  observations  can  be 
adequately  modeled  to  develop  yield-scaling  relations  that 
are  good  over  a  large  range  of  event  magnitudes . 

2 .  The  Non-isotropic  Source 

The  above  methods  of  determining  the  ESSF  assume 
spherical  symmetry.  This  assumption  may  not  be  strictly 
valid.  Thus  ron-isotropic  components  of  the  explosion  may 
lead  to  biased  estimates  of  the  RDP .  In  other  words,  the 
source  function  is  model  dependent.  Departures  from 
spherical  symmetry  have  long  been  observed  for  large 
underground  explosions  (Minster,  1985,  .  To  develop  seismic 
magnitude-yield  relations  it  would  be  best  to  use  the 
isotropic  source  only.  In  order  to  separate  the  isotropic 
from  the  non-isotropic  source  contributions  a  more  thorough 
understanding  of  the  non-isotropic  source  is  necessary. 

Lay  (1984)  proposed  two  methods  to  explain  the 
generation  of  non-isotropic  source  contributions  by 
explosions:  driven  motion  on  pre-existing  planes  of  weaknc  ,s , 
and  .stress  relaxation  around  the  fracture  zone.  Both  of 
these  sources  have  earthquake-like  radiation  patterns  and 
both  contribute  shear  waves  to  the  radiated  seismic  energy. 
The  generation  of  surface  waves  and  shear  waves  by  •  losions 
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is  not  very  well  understood.  More  effective  discrimination 
between  earthquakes  and  small  explosions  is  one  of  the  areas 
that  will  benefit  from  the  study  of  the  generation  of  surface 
waves  and  shear  waves  from  small  explosions. 

Another  non-isotropic  contribution  is  spall,  failure  of 
near  surface  layers  produced  upon  conversion  of  compressional 
waves  to  tensile  waves  at  the  free  surface.  When  the  spalled 
layers  fall  back  to  the  surface  the  downward  impulse  produces 
P,  Sv  and  Rayleigh  waves  which  are  delayed  in  time  relative 
to  the  initial  explosion  (Viecelli  1973)  .  The  first  order 
symmetry  of  this  delayed  source  is  cylindrical  and,  because 
of  its  proximity  to  the  free  surface,  the  spall  source  is  a 
very  efficient  generator  of  surface  waves.  Stump  (1984)  has 
shown  that  spall  may  explain  the  late  Rayleigh  wave  arrivals 
on  near-field  seismograms  following  explosions.  Day  (1982), 
however,  showed  that  there  is  no  spall  contribution  to 
surface  waves  at  20  seconds  and  therefor  spall  will  not 
complicate  the  magnitude-yield  relations  calculated  from 
surface  waves  at  the  20  second  period.  Stump  (1985)  modeled 
the  time  function  of  the  spall  source  which  is  controlled  by 
the  shape  of  the  isotropic  pulse  and  the  tensile  strength  cf 
the  medium  and  found  that  the  contribution  from  spall 
dominates  in  the  period  range  of  0.5  to  2.0  seconds.  His 
findings  suggest  that  magnitude-yield  estimates  from  near¬ 
source  body  waves  should  take  into  account  the  spall 
contribution  to  the  seismic  energy.  More  work  is  necessary 
to  develop  scaling  relations  for  the  spall  source. 
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B.  Source  Scaling 

We  wish  to  make  yield  determinations  based  on  the 
scaling  of  the  isotropic  source  (RDP) .  Assuming  that  non¬ 
isotropic  radiation  has  been  accounted  for,  comparisons  are 
made  between  source  spectra  based  on  changes  in  long-period 
level,  corner  frequency  and  high-frequency  roll-off  with 
increasing  yield. 

Haskell's  model  utilizes  cube-root-yield  (CRY)  scaling 
based  on  the  assumption  that  the  scale  lengths  change  as  the 
radius  of  the  explosive  device.  The  inclusion  of  depth  ef¬ 
fects  by  Mueller  and  Murphy  (1971)  causes  a  change  in  the 
scaling  characteristics  of  the  RDP  resulting  in  a  modified 
scaling  model . 

Haskell's  model  predicts  a  long-period  level  (LPL) 
proportional  to  yield  (W1-0)  while  Mueller-Murphy ' s  LPL  is 
proportional  to  W-7*.  The  implication  is  that  for  a  given 
LPL,  classical  CRY  scaling  results  in  a  smaller  yield 
interpretation  than  the  modified  source  model. 

If  CRY  scaling  applies  then  the  corner  frequency  scales 
as  W  ~1/3  compared  to  W  ”-19  for  the  Mueller-Murphy  model. 
Beyond  the  corner  frequency  the  CRY  spectrum  is  proportional 
to  W'i/3  and  the  Mueller-Murphy  spectrum  is  proportional  to 
W-‘3.  High-frequency  decay  for  these  two  models  is  asymptotic 
to  frequency  raised  to  the  -4  and  -2  power  respectively 
Another  widely  used  model  was  proposed  by  von  Seggern  and 
Blanford  (1972)  .  The  frequency  spectrum  of  the  RDP  is 
expressed  in  a  much  simpler  form  than  the  Mueller-Murphy 
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model  yet  the  spectra  exhibit  the  oi-2  roll-off  at  high 
frequencies . 

It  is  difficult  to  compare  the  utility  of  one  model  over 
another  because  scaling  relations  are  derived  from  different 
data  sets.  The  Mueller-Murphy  model  is  often  more  desirable 
because  of  the  ability  to  include  measurements  of  the  elastic 
radius  and  other  parameters .  On  the  other  hand,  use  of  the 
Mueller-Murphy  model  requires  estimation  of  a  large  number  of 
variables  and  introduces  considerable  capacity  for  error. 
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ficient  vertical  coupling  to  form  an  initially  spherical  ex¬ 
plosion.  Uncontained  events  release  energy  through  the  free 
surface  resulting  in  initially  cylindrical  symmetry,  Flynn 
related  the  shift  to  higher  frequencies  with  increasing  depth 
to  a  shift  from  cylinurical  Sv-kayleigh  energy  to  spherical 
P-wave  energy.  Her  energy  calculations  estimate  P-wave 
source  coupling  efficiency  to  be  40%  of  the  total  seismic 
energy  for  the  shallow  event.  The  deeper,  fully  contained 
event  partitioned  80%  of  the  total  seismic  energy  into  the  P- 
wave . 

Reinke  and  Stump  (1988)  quantified  the  azimuthal  coher¬ 
ence  of  near-source  waveforms  from  5  pound  explosions  in  al¬ 
luvium.  Waveforms  are  coherent  to  35  Hz.  Variations  above 
35  Hz  are  attributed  to  scattered  energy  from  waves  that 
interact  with  test  bed  inhomogeneities.  They  ruled  out, 
through  small  tests,  the  possibility  of  instrument  variation. 
They  also  confirmed  the  repeatability  of  the  source  in  this 
test  series  through  a  series  of  detonations  in  a  controlled 
pit  in  which  every  shot  variable  remained  constant  . 

Small  scale  tests  such  as  these  are  relatively  inexpen¬ 
sive  and  instrumentation  of  a  significant  part  of  the 
wavefield  is  possible.  An  additional  advantage  is  that  test 
results  are  directly  applicable  to  other  studies  ir.  the  same 


test  environment . 
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D.  Specifics  of  This  Study 

The  current  study  is  unique  to  the  standard  yield  scal¬ 
ing  approach  in  two  ways.  First,  the  observed  seismograms 
result  from  tests  designed  specifically  to  isolate  the  ef¬ 
fects  of  containment  and  to  quantify  source  symmetry. 

Secondly,  the  moment  tensor  representation  is  used  to  allow 
for  non-isotropic  source  contributions. 

The  inversion  scheme  used  in  this  study  is  that  of  Stump 
and  Johnson  (1984)  wherein  they  represent  the  explosion 
source  in  terms  of  the  seismic  moment  tensor.  A  point  source 
is  assumed  and  observed  seismograms  are  inverted  for  the 
temporal  details  of  the  source  function. 

This  procedure  requires  careful  modeling  of  the  path 
contributions  in  order  to  minimize  source-path  trade-offs. 

It  is  really  another  way  of  correcting  observed  seismograms 
to  obtain  an  estimate  of  the  source  time  history  just  outside 
the  non-linear  region. 

The  isotropic  moment  tensor  represents  the  volume  change 
due  to  the  spherically  symmetric  explosion  source.  It  has 
the  same  shape  and  time  dependence  as  the  reduced 
displacement  potential  (RDP): 

(1.7)  M  (X)  j  so  =  47ipa?  y(T) 

where  \|/(T)  is  the  potential  function  introduced  in  Equation 
1.1.  Thus  the  isotropic  moment  and  reduced  displacement 
potential  are  similar  analytical  forms  of  the  seismic  source 
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function.  The  units  of  seismic  moment  are  force  by  distance. 
The  development  of  the  moment  tensor  source  representation  is 
found  in  Chapter  4. 

The  isotropic  component  of  the  source  is  represented  by 
the  trace  of  the  moment  tensor.  The  deviatoric  source  is 
that  which  remains  after  the  isotropic  component  is  removed 
(Stump,  1984) . 

(1.8)  MIS0  -  i-  Mi-jSij 

(1.9)  Dij  =  Mij  -  MIS05jj 

Similar  analyses  to  the  one  contained  in  this  thesis 
have  been  completed  for  a  253  pound  chemical  explosion  (Stump 
1987)  and  three  nuclear  explosions  (Stump  and  Johnson 
(1984)).  The  depth  and  observational  ranges  of  the  test 
reported  in  this  study  are  a  scaled  version  of  the  253  lb 
test . 

This  work  is  presented  in  four  primary  sections:  (1) 
Observational  Data:  Description  of  the  data  includes  general 
observations  of  amplitude  decay  with  range,  development  of 
surface  waves  with  range  and  a  summary  of  the  velocity  and 
attenuation  model  of  the  test  site.  (2)  Synthetic  Data:  The 
propagation  contribution  is  modeled  with  theoretical  Green's 
functions  and  checked  by  convolution  with  a  Mueller-Murphy 
source  to  produce  synthetic  seismograms  in  a  series  of 
forward  models.  (3)  Inversions:  Generalized  linear 
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inversions  are  first  done  with  synthetic  seismograms  to 
verify  the  inversion  code  and  replicate  experimental 
conditions.  The  observed  seismograms  are  then  inverted  for 
the  moment  tensor  representing  isotropic  and  deviatoric 
components  of  tne  source.  Several  different  inversions  were 
completed  to  investigate  the  effects  of  station  distribution 
and  dependency  on  the  Green's  functions.  (4)  The  conclusions 
are  presented  in  terms  of  the  physical  models  for  contained 
sources.  The  analysis  and  comparisons  focus  on  the  isotropic 
peak  time  amplitude  and  the  long-period  level  of  the 
frequency  spectrum. 


CHAPTER  2 


( 

i 


OBSERVED  DATA  SET 


The  data  consist  of  near-source  observations  recorded  on  \ 

triaxial  accelerometers  for  seven  5  lb  (2.5  X  10-6  kt) 
chemical  shots  in  dry  alluvium.  Explosive  yield,  explosive 
type  and  test  medium  are  held  constant,  the  only  variations  i 

being  source  burial  depth  and  station  distribution.  In 
addition  to  the  explosive  tests,  refraction  surveys  have  been 
completed  to  constrain  the  velocity  structure  of  the  test 
site.  Experimental  data  are  summarized  in  table  1. 


A..  ,-XxplQ.iJ.gn..  Rata 
1.  Experimental  Layout 

jwo  series  of  tests  were  designed  specifically  to 
constrain  source  symmetry  and  to  quantify  containment.  The 
Array  Test  Series  (ART)  with  a  source  burial  depth  of  1  meter 
resulted  in  uncontained  shots.  Three  of  the  ART  arrays  were 
in  a  circular  pattern  with  6  stations  distributed  at  a  single 
range  (10,  20  and  30  meters)  for  each  test.  The  ART  Line 
Test  consisted  of  11  stations  distributed  at  5  meter 
intervals  a  single  azimuth  between  10  and  60  meters.  ART 
test  configurations  are  illustrated  in  Figure  2.1.  Data  in 
the  Contained  Array  Test  Series  (CART)  were  generated  by 
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TABLE  1 

SUMMARY  OF  OBSERVATIONAL  DATA 

Components  Range  Array  Number 

Recorded  (meters)  Type  Stations 

at  each  station 


ART: 

5  lbs.  TNT  at  1 

meter  depth 

ART 

1 : 

3 

10 

circular 
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Figure  2.1.  Array  configuration  of  the  four  tests  in  the  ART 
series.  Shot,  depth  is  1  meter  below  the  surface. 
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three  fully  contained  explosions  with  a  source  burial  depth 
of  3  meters  below  the  surface.  CART  arrays  are  shown  in 
Figure  2.2.  CART  data  includes  two  arrays  in  which  7 
stations  were  distributed  at  various  azimuths  and  one  linear 
array  of  6  stations  along  a  single  azimuth.  CART 
observational  ranges  are  between  5  and  40.6  meters. 

Instrumentation  for  all  tests  is  identical.  Force 
balance  accelerometers  were  buried  below  the  surface  and 
digital  data  were  recorded  in  the  field  with  a  sample  rate  of 
200  samples/second.  A  5  pole  anti-alias  filter  with  cutoff 
at  70  Hz  was  applied  before  recording.  A  total  of  147 
channels  of  explosion  data  were  recorded. 

2.  Data  Corrections:  Acceleration  to  Velocity 

Inversions  of  the  ART/CART  data  set  utilize  velocity 
records.  In  obtaining  velocity  from  the  raw  field  data, 
several  steps  were  necessary.  First  the  data  were  deglitched 
and  rescaled.  Next  each  channel  was  integrated  to  yield 
velocity  waveforms.  After  integration  two  corrections  were 
applied;  slope  removal  and  a  high-pass  filter.  Additionally, 
all  corrected  velocity  records  have  been  integrated  a  second 
time  to  displacement  so  time  domain  displacement  amplitudes 
could  be  estimated.  No  further  corrections  were  necessary 
after  integration  to  displacement  because  the  displacement 
waveforms  did  not  exhibit  a  step  or  ramp. 

The  data  corrections  are  explained  and  illustrated  in 
Appendix  A.  Additionally  Appendix  A  documents  different 
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Figure  2.2. 
CART  series. 
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configuration  of  the  three  tests  in  the 
depth  is  3.0  meters  below  the  surface. 


types  of  slope  corrections  that  have  been  applied  to  the  CART 
data  and  justifies  the  design  of  the  high-pass  filter. 

As  a  result  of  tests  outlined  in  Appendix  A,  the 
frequency  band  of  usable  data  has  been  quantified  as  5  -  60 
Hz.  The  long  period  cut  off  is  determined  by  the  2-po.i.e  high 
pass  Butterworth  filter  with  corner  3  dB  down  at  3.5  Hz.  At 
the  short  periods,  the  cut-off  is  determined  by  the  anti¬ 
alias  filter;  5-pole  at  70  Hz  applied  before  recording.  Thus 
interpretation  of  results  outside  this  frequency  band  will  be 
pursued  with  caution.  Details  about  this  bandwidth  are  given 
in  Appendix  A. 

3.  Data  Characteristics 

The  complete  explosion  data  set  is  presented  in  Appendix 
B.  The  data  are,  by  design,  simple  in  character;  the 
explosion  is  the  simplest  source;  the  test  bed  is  not 
complex;  and  travel  paths  are  short  and  therefore  simplified. 
The  following  sections  list  important  characteristics  of  the 
data . 

a)  Simple  Waveforms  at  Close  Ranges 

As  an  example  of  the  simple  waveforms  at  close  ranges,  the 
vertical  and  radial  components  of  velocity  at  the  5,  9.7  and 
13.5  meter  ranges  of  CART  3  are  illustrated  in  Figure  2.3. 

The  particle  motion  diagrams  shown  at  the  right  of  the  figure 
are  the  plot  of  radial  versus  vertical  amplitude.  At  these 
close  ranges  radial  and  vertical  waveforms  are  dominated  by 
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Figure  2.3.  Particle  motion  plots  from  CART  3  linear  array. 
On  the  left  are  the  radial  and  vertical  time  series  and  on 
t ne  right  are  the  particle  motion  in  the  vert i ca 1 -rad i a i 
pia  e.  The  vertical  line  between  .2  and  .4  seconds  indicate 
t he  picks  for  Rayleigh  wave  arrival. 
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one  cycle.  This  arrival  is  the  P-wave  energy  package 
identifiable  by  linear  particle  motions.  The  surface  waves, 
associated  with  elliptical  retrograde  particle  motion  have 
only  20  -  30  %  of  the  amplitude  of  the  body  wave  at  these 
close  ranges.  At  5  meters  the  signal  duration  is  typically 
.25  -  .4  seconds  increasing  to  .4-. 65  seconds  at  13.5  meters 
with  little  development  of  surface  waves. 

b)  Development  of  Surface  Waves  with  Range 

The  signals  recorded  at  20.3,  27  and  40.6  meters  are 
shown  in  Figure  2.4.  The  waveforms  become  more  complex  with 
increasing  range  as  shear  and  surface  wave  energy  arrives. 

Two  particle  motion  windows  separate  the  early  P--wave  energy 
(dashed  line)  from  the  later  SV-Rayleigh  energy  (solid  line) , 
The  Sv  and  Rayleigh  energy  packages  are  difficult  to  separate 
because  there  is  not  sufficient  dispersion  at  these  ranges. 

At  the  onset  of  the  Sv-Rayleigh  package  the  radial  and 
vertical  components  are  about  90  degrees  phase  shifted  from 
each  other  resulting  in  the  elliptical  particle  motion. 

There  is  an  increase  in  signal  duration  associated  with  the 
longer  travel  paths.  At  the  20  •-  27  meter  range  signal 
duration  has  increased  to  1  second.  Beyond  30  meters  the 
surface  wave  amplitudes  are  relatively  equal  to  or  greater 
than  the  body  wave  amplitudes. 
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Figure  2.4.  Particle  motion  plots  from  CART  3  linear  array. 
On  the  left  are  the  radiai  and  vertical  time  series  and  on 
the  right  are  the  particle  motion  in  the  vertical -radial 
plane.  The  vertical  line  between  .2  arid  .4  seconds  indicates 
the  picks  for  Rayleigh  wave  arrival. 
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c)  Azimuthal  Symmetry  of  Waveforms 

As  observations  are  compared  azimuthally,  radials  and 
verticals  appear  very  similar  in  shape  while  the  transverse 
do  not  show  such  similarities.  As  an  illustration,  the  ART  3 
observed  velocities  are  shown  in  Figures  2.5a-c.  The  surface 
wave  at  about  .2  seconds  can  be  seen  on  the  radials  and 
verticals  at  this  range.  ART  3  peak  radial  amplitudes 
average  1  cm/s  with  a  maximum  of  30%  variation.  The  ART  3 
peak  vertical  amplitudes  average  0.5  cm/s  with  only  17% 
variation.  The  amplitude  of  the  radial  component  is  twice 
the  vertical  at  this  range.  ART  3  peak  transverse  amplitudes 
average  .22  cru/s  and  vary  as  much  as  81%.  The  transverse 
components  appear  dissimilar  especially  in  terms  of  when  the 
energy  arrives  .in  time. 

It  is  worth  noting  that  the  above  similarities  in  radial 
and  vertical  components  apply  to  the  lower  frequencies  which 
dominate  the  time  series.  Reinke  and  Stump  (1988)  have 
studied  similar  waveforms  from  the  same  test  site  and  report 
incoherence  in  the  data  above  35  Hz. 

d)  Amplitudes  with  Range 

This  section  will  quantify  the  ART/CART  amplitude  decay 
with  distance.  E’or  competent  rock  at  distances  where  the 
medium  is  responding  elastically,  the  body  wave  amplitude  is 
expected  to  decay  due  to  geometrical  spreading  at  a  rate 
inversely  proportional  to  distance.  When  attenuation  is 
taken  into  account  the  decay  rate  is  higher. 
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Figure  2.5.  ART  veiocitiy  records  at  30  meters.  (a) radial 
(b) transverse  (c)vertical 
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Figure  2.5  Continued. 
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Figure  2.5  Continued. 
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Perret  and  Bass  (1975)  studied  amplitude  decay  rates  of 
measurements  from  60  underground  nuclear  explosions  ranging 
in  yield  from  67  kt  to  2.5  kt  (compared  with  2.5  x  10“6  kt  for 
ART/CART) .  Instruments  were  typically  fielded  along  a 
horizontal  radius  at  shot  depth.  The  data  were  compiled  from 
published  reports  and  include  all  known  tests  up  until  the 
time  of  the  report.  Eight  of  these  explosions  were  detonated 
in  dry  alluvium  at  burial  depths  between  300  and  500  meters 
(compared  with  1  and  3  meters  for  ART  and  CART) .  One  of  the 
eight  alluvial  events  was  under-buried  for  partial 
containment . 

Perret  et.al.  compiled  plots  of  peak  vertical  particle 
velocity  versus  scaled  range  and  fit  linear  trends  of  the 
form 


(2.1)  U  =  Uo  (~£—)  0 

V/3  ' 

where  U0  is  the  amplitude,  r  is  the  distance  between  source 
and  receiver  in  meters  (scaled  by  kt1''’3),  W  is  the  energy 
yield  in  equivalent  kilotons  of  TNT  and  n  is  the  power 
exponent  describing  the  decay  rate. 

Data  corresponding  to  measurements  in  dry  alluvium 
showed  much  faster  decay  rates  than  those  for  dry  tuff,  wet 
tuff  or  hard  rock.  Two  distinct  trends  were  identified  for 
dry  alluvium.  Between  30  and  150  m/kt1^3,  the  best  fit  line 


-3.27 
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(2.2) 


Ui  =  1.52  x  106 


(  — ) 

\wl/3  ) 


was  found.  Between  100  and  350  m/kt1/3  the  amplitudes  were 
observed  to  decay  slower  according  to  the  best  fit  line 

1  /  r  \  ~1  •  16 

(2.3)  U2  =  3.68  x  101  (  -£- } 

'  W1/3  ' 


Perret  and  Bass  attribute  the  two  different  attenuation 
rates  to  regions  of  non-linear  and  linear  material  response. 
Because  dry  alluvium  has  stronger  attenuation  properties  than 
other  media  the  crossover  to  a  decay  rate  close  to  the 
inverse  first  power  (Equation  2.3)  is  observed  within  the 
span  of  observational  ranges.  This  crossover  was  not 
observed  for  the  other  media  types  studied  by  Perret  and 
Bass.  Thus  at  scaled  ranges  greater  than  150  m/kt1//3  the 
alluvium  response  is  classified  as  linear. 

ART/CART  peak  vertical  and  radial  velocity  as  a  function 
of  scaled  range  is  plotted  in  Figure  2.6.  The  closest 
observation,  5  m,  corresponds  to  a  scaled  range  of  368.4 
m/kti^3  and  the  most  distant  observation,  60  m,  to  a  scaled 
range  of  4420.8  m/kt1/3. 

The  line  fitting  the  ART/CART  vertical  trend  in  Figure 
2.6a  is  given  as 
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Similar  analysis  of  the  radial  component  in  Figure  2.6b 
gives , 

(2.5)  Ur  =  1  x  lO4'94  (~^—)  ~1,46 

V/3' 

The  exponent, -1 . 48,  falls  within  the  range  reported  by  Perret 
et .  al . 

The  transverse  peak  amplitudes  are  plotted  in  Figure 
2.9.  Here  the  amplitudes  are  smaller  and  the  scatter  in  the 
amplitude  is  much  greater. 

Considering  the  differences  in  yield  and  depth  of  burial 
of  the  ART/CART  data  compared  to  the  Perret  and  Bass  data, 
the  amplitude  decay  trends  for  alluvium  compare  favorably 
(Equation  2.3  ) .  The  ART/CART  trend  has  a  larger  amplitude 
and  a  faster  decay  rate.  The  larger  amplitudes  occur  because 
the  material,  being  much  closer  to  the  surface,  has  slower 
velocities  and  the  faster  decay  rate  because  the  material, 
being  much  closer  to  the  surface  is  less  consolidated  and 
thus  more  attenuative.  These  comparisons  have  not  accounted 
for  the  factor  of  2  amplitude  often  introduced  between 
chemical  and  nuclear  explosions.  Nor  have  these  comparisons 
accounted  for  the  amplitude  effects  of  the  free  surface. 

Perret  and  Bass  also  fit  linear  trends  to  acceleration 


and  displacement  records.  Figures  2.7  and  2.8  illustrate  the 
amplitude  decay  of  the  ART/CART  acceleration  and  displacement 
observations.  The  ART/CART  trends  are  summarized  in  table  2. 
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TABLE  2 

APML1TUDE  DECAY  EXPONENTS 
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B.  Site  Characterization  Data 

The  ART/CART  experimental  test  site  is  part  of  McCormick 
Ranch  near  Albuquerque,  N.M.,  chosen  in  part  because  of  the 
available  site  characterization  data.  The  site  is  on  an  old 
playa  composed  of  plane  layered  dry  alluvium  with  the  water 
table  at  a  depth  of  75  meters.  Caliche  is  present  on  the 
test  site  and  has  been  exposed  by  several  of  the  test  shots. 
Trenching  at  the  site  confirms  geometry  of  the  caliche  to  be 
discontinuous  stringers  within  the  upper  few  meters  of  the 
test  bed.  The  significance  of  these  inhomogeneities  is  in 
their  ability  to  scatter  waves. 

The  velocity  model  for  the  ART  test  site  is  based  on 
previous  models  by  Stump  and  Reinke  (1982)  with  modifications 
resulting  from  additional  refraction  surveys  and  anaiysi.s  of 
three-component  waveforms  recorded  in  the  ART  Line  Test.  The 
current  model  is  two  layers  over  a  half-space  as  shown  in 
table  3.  For  comparison,  the  velocity  model  used  by  Stump 
and  Reinke  (1982)  is  also  given  in  table  3.  The  following 
sections  discuss  the  model  components  and  their  derivation, 

1.  Refraction  Surveys 

Three  refraction  surveys  were  completed  on  the  ARl/CART 

TM 

test  site  on  McCormick  Ranch  using  a  Betsy  seisgun  source. 
Figure  2.10  shows  the  acquisition  geometry.  Two  East-West 
lines  run  through  the  ART  test  area;  one  with  7.6  meter 
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Figure  2.10.  Three  refraction  surveys  over  the  AKT/CART  te 
site.  The  line  illustrated  at  upper  left  contains  72 
receivers  at  1  meter  spacing  for  a  total  length  of  235'; 
upper  right:  24  receivers  at  5*  spacing  for  a  total  length 
of  115';  bottom:  24  receivers  at  25'  spacing  for  a  total 
length  of  575', 
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geophone  spacing  for  a  total  length  of  575’  (187  meters)  and 

the  other  with  a  1  meter  geophone  interval  for  a  total  length 
of  235'  (72  meters).  The  third  line  runs  North-South  over 

the  CART  test  area  which  is  about  50  meters  to  the  northwest 
of  the  ART  test  area.  This  line  is  115'  (36.5  meters)  in 

length  with  a  1.5  meter  geophone  spacing. 

Travel  time  curves  for  the  long  and  short  East-West 
lines  are  plotted  together  in  Figure  2.11.  The  large  symbols 
represent  the  travel  times  of  the  long  line  and  the  smaller 
symbols  represent  the  travel  times  of  the  short  line.  While 
the  short  line  with  closer  receiver  spacing  affords  more 
detailed  interpretation  than  is  possible  for  the  long  line, 
the  slopes  of  the  two  profiles  closely  agree.  The  long  line 
is  thus  used  for  a  gross  model  and  the  short  line  for  details 
of  the  upper  few  meters . 

Interpretation  of  the  long  line  is  as  follows:  two 
distinct  branches  on  the  travel  time  curves  correspond  to  a 
slow  velocity  between  650  and  659  m/s  and  a  fast  velocity  of 
931-956  m/s  .  The  crossover  distance  at  99  meters  suggests 
the  velocity  increase  is  at  a  depth  of  19-20  meters.  The 
symmetry  of  the  forward  and  reverse  profiles  confirms  a  plane 
layered  model.  In  summary,  the  interpretation  of  the  long 
line  is  a  layer  over  a  half -space. 

InteLpr etat ion  of  the  short  line  is  fa<  ilitated  by 
Figure  2.12.  ‘ihe  forward  and  reverse  profiles  me  plotted  in 
the  same  direction  to  emphasize  the  similarities  and 
di  f  f  er  fences  .  The  travel  time  cmves  agree  w<  • )  j  «->.._.ept  at 
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Figure  2.11  ART/CART  refraction  profiles.  The  forward  and 
reverse  times  for  both  the  long  and  short  lines  are  plotted. 
Detail  of  the  short  line  is  shown  in  Figure  2.12.  Large 
symbols  denote  first  arrival  times  picked  from  CART  explosion 
data  at  5,  13.5,  20.3,  27.0  and  40.6  meters. 
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Figure  2.12  ART/CART  refraction  profiles.  The  forward  and 
reverse  times  from  1-meter  spacing  line  are  plotted  in  the 
same  direction.  Travel  times  match  between  0-20  meters  and 
between  40-65  meters. 


offsets  from  18  to  38  meters.  Two  possibilities  exist: 
either  the  times  on  the  forward  line  are  early  in  the  18-38 
meter  range  or  the  reverse  times  are  late.  Referring  back  to 
Figure  2.11,  the  former  assumption  is  made.  The  receivers  at 
offset  distances  between  18  and  38  meters  from  the  forward 
shot  are  affected  by  a  subsurface  structure  that  results  in 
anomalously  early  travel  times  on  the  forward  travel  time 
curve.  Following  this  reasoning  three  branches  were  drawn  on 
the  reverse  travel  time  curve  for  the  initial  interpretation. 

Layer  one  velocity  is  277  m/s  with  a  thickness  of  2.0  meters. 

Layei  two  velocity  is  544  m/s  with  a  thickness  of  2.8  meters. 

The  third  layer  begins  at  4.8  meters  ar.d  has  a  velocity  of 

782  m/s.  The  si  ort  line  interpretation  consists  of  velocity 
increases  at  2.0  meters  and  4.8  meters  while  too  long  line 
interpretation  shows  a  velocity  increase  o:  1.  at  15-20  meters 
depth. 

To  merge  the  information  from  tie  long  ar.u  short  lines, 
the  slowest  v*.  .ocity  of  277  m/s  is  assigned  f  the  uppermost 
layer.  The  veiuci'  ^  increase  1 1  y,\  Z~>~.  t  "  81  r  -  s  a  .  4  .  b 
meters  is  taken  as  an  average  veloc^t}  ts  ~st  t •'  n,/s 
value  of  the  20  meter  thick  layer  in  the  long  line 
interpretation . 

The  north-south  lin<  through  the  CART  test  area 
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To  summarize,  the  current  velocity  model  is  2  layers 
over  a  half-space  and  is  compared  to  the  1982  Stump-Reinke 
model  in  table  3.  The  velocities  of  the  layers  have  been 
rounded  down  and  the  thickness  of  the  upper  layer  has  been 
increased  to  3.0  meters.  Derivation  of  the  shear  velocities 
is  discussed  in  Section  2.B.3.  The  high  Poisson's  ratios  are 
consistent  with  measurements  of  P  and  S  travel  time  as  shown 
in  table  6  and  discussed  in  Section  3.C.I. 

2.  First  Arrivals 

Of  the  20  CART  observations,  the  precise  shot  times  were 
recorded  on  the  seismograms  for  only  8  stations.  These 
stations  do  cover  the  range  of  CART  observations  (5.0  -  40.6 
meters)  and  there  are  multiple  observations  because  of  the 
overlap  of  station  locations.  The  arrival  times  of  the  first 
breaks  on  the  vertical  component  of  the  CART  data  have  been 
plotted  on  the  refraction  profile  to  confirm  the  velocity 
interpretations  in  Figure  2.11.  The  agreement  between  CART 
arrival  times  and  the  refraction  arrival  times  on  the  1-m 
line  is  poorest,  at  27  meters  within  the  range  of  the 
anomalous  arrival  times  discussed  above.  The  time  difference 
between  CART  and  the  forward  travel  time  is  16  ms  and  only  7 
ms  between  CART  and  the  reverse  travel  time.  This  is  further 
confirmation  that  the  1  m  forward  line  is  anomalous  and  may 
be  affected  by  an  inhomogeneity.  This  inhomogeneity  could  be 
in  the  form  of  a  caliche  stringer. 


3.  Shear  Velocities 


While  the  P-velocities  and  layer  thicknesses  are 
straightforward  calculations  from  the  refraction  surveys  and 
first  arrival  data,  the  S-velocities  are  more  difficult  to 
constrain.  One  reason  is  that  the  close-in  observations  do 
not  allow  time  for  good  separation  between  P  and  S  energy. 
Previous  studies  on  the  test  site  by  Stump  and  Reinke  (1982) 
used  cross-hole  shear  surveys  to  get  a  shear  velocity  of  366 
m/s  between  13.5  and  24  meters  whi :h  will  be  used  for  the 
ART/CART  half  space  shear  velocity.  Their  surveys  were  less 
reliable  above  13  meters  due  to  scatter  in  the  data.  Section 
C.2  in  Chapter  3  discusses  the  more  realistic  multi-layered 
model  with  the  366  m/s  velocity  in  the  halfspace. 

Particle  motion  plots  have  been  completed  for  the  ART 
Line  Test  and  used  to  estimate  the  layer  shear  velocities 
listed  in  table  3.  The  time  of  the  change  from  rectilinear 
to  retrograde  motion  was  noted  for  each  station  from  10  to  60 
meters.  Also  recorded  was  the  ellipticity  or  the  ratio 
between  the  radial  and  vertical  axes  of  the  particle  motion 
of  the  Rayleigh  wave  as  well  as  the  period  of  the  first  full 
Rayleigh  cycle. 

Mooney  and  Bolt  (1966)  produced  by  numerical  analysis 
curves  detailing  the  relationship  between  Rayleigh  wave 
dispersion  and  the  medium  parameters  for  a  layer  over  a  half 
space.  They  emphasized  that  the  most  important  parameter  is 
the  ratio  between  shear  velocities.  One  of  their  curves, 
reproduced  in  Figure  2.13  was  used  to  constrain  the  shear 
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velocity  in  the  most  shallow  layer.  The  ratio  PiT/h  is 
plotted  along  the  x-axis  and  the  ratio  of  horizontal  to 
vertical  amplitudes  (ellipt icity)  is  plotted  along  the  y- 
axis.  With  a  layer  thickness  (h)  of  3  meters  from  the 
refraction  profiles,  Rayleigh  period  (T)  of  .105  seconds  at 
55  meters,  ellipticity  of  2.05  from  the  particle  motion  plots 
and  half-space  shear  velocity  of  360  m/s  the  Mooney  and  Bolt 
curve  suggests  the  shear  velocity  ratio  is  3.  Thus  with  a 
reliable  measurement  of  the  half  space  shear  velocity  of  360 
m/s,  the  upper  layer  velocity  is  estimated  at  120  m/s .  Layer 
2  shear  velocity  is  estimated  at  230  m/s.  This  value  was 
chosen  because  it  is  intermediate  between  120  m/s  and  360m/s 
and  because  it  was  used  by  Stump  and  Reinke  (1982)  for  their 
most  shallow  layer.  This  estimation  of  the  shear  velocities 
is  only  a  first  approximation.  Further  analysis  would 
include  a  complete  dispersion  analysis  and  possibly  structure 
inversion . 


4  .  Q  in  Dry  Alluvium 

Q  estimates  are  included  in  the  site  model  to  account 
for  seismic  attenuation  due  to  absorption  and  sr  '  .ring. 

The  ART/CART  test  medium  is  low  velocity,  low  density  and  low 
Q  resulting  in  rapid  absorption  of  seismic  energy  with  wave 
propagation.  As  quantified  by  the  amplitude  decay  plots  in 
Figures  2. 6-2. 8,  the  observed  exponent  describing  decay  rate 
for  spherical  waves  was  larger  than  expected  based  on  the 
results  of  Perret  and  Bass  (1975)  .  No  corrections  have  been 


Figure  2.13.  Amplitude  ratio  versus  shear  velocity  ratio 
(From  Mooney  and  Bolt,  1966) . 
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made  for  differences  between  chemical  and  nuclear  explosives 
or  for  free  surface  effects. 

Standard  measurements  of  Q  are  impractical  in  low-Q 
environments.  Anderson  (1988)  has  addressed  this  problem  in 
measuring  Q  for  unconsolidated  backfills.  Using  standard 
refraction  equipment,  he  made  base  measurements  taken  close 
to  the  (sledge  hammer)  source  to  quantify  the  change  in  pulse 
shape  with  distance.  Anderson  focused  on  the  first  cycle  of 
the  P-waves  for  which  propagation  distances  are  between  3  and 
10  meters.  He  reports  average  Q  values  between  7.5  and  10. 

A  value  of  Qa  for  the  first  layer  of  ART/CART  site  model 
is  appropriately  low  at  10.  Based  on  synthetic  tests  of 
modeling  observational  waveforms,  Q  increases  with  depth. 
Model’ ng  exercises  also  showed  that  the  estimates  of  Q  for 
Layer  2  and  the  half  space  do  not  strongly  affect  the 
synthetics.  Qa  in  the  second  and  third  layers  is  50  and  100 
respectively.  Qp  for  the  ART/CART  site  model  is  assigned  a 
value  of  40%  Qa  in  Layer  1  and  44%  Qa  layer  2  and  the  Half¬ 


space  . 


CHAPTER  3 


FORWARD  SYNTHETIC  CALCULATIONS 

A.  Introduction 

In  the  previous  chapter  observational  refraction  and 
explosion  velocity  data  were  analyzed  for  geophysical 
parameters  of  the  test  site.  Velocities,  layer  thicknesses 
and  attenuation  factors  define  the  McCormick  Ranch  site  model 
listed  in  table  3.  In  the  current  chapter  these  parameters 
are  used  to  predict  the  velocity  response  of  the  test  site  to 
a  5  lb .  charge  representing  the  C'  lined  CART  source. 

The  general  approach  to  building  the  synthetic  velocity. 
Us,  is  the  representation  theorem  abbreviated 

(3.1)  Ug  (CO)  =  S(G»G(G>) 

where  seismograms  are  calculated  in  the  frequency  domain  as  a 
product  of  the  source  function  S  (CD)  and  the  Green's  functions 
G  (to)  representing  the  path  effects.  Both  S  (CD)  and  G(CD)  will 
be  tested.  Equations  4.4  and  4.5  which  are  discussed  in  the 
next  chapter  are  a  more  precise  representation  of  the  way  the 
synthetics  are  calculated. 

The  Mueller-Murphy  (1971)  characterization  of  the 
synthetic  source  was  chosen  because  it  provides  a  physical 
basis  for  incorporating  depth  effects  and  variations  in 
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material  constants.  Their  model  predicts  the  rar-field 
reduced  displacement  potential  (RDP)  for  yield,  W,  at  a 
depth,  h,  in  a  test  medium  with  specified  density  and 
velocity  <=>3  .  A  range  of  S(co)  are  possible  given  the 

uncertainty  of  the  McCormick  Ranch  site  model  specifically 
the  shear  velocity  at  the  source  burial  depth  of  3  meters. 

Path  models  are  calculated  first  for  a  simple  half  space 
and  then  for  a  layered  half  space  structure.  Results  are 
presented  as  a  suite  of  forward  models  derived  by  combining 
the  range  of  source  functions  with  the  range  of  path 
functions.  Comparisons  are  then  possible  between  synthetic 
and  observed  waveforms  and  any  differences  are  attributed  to 
a  deficiency  in  the  theoretical  source  or  path  model. 

This  forward  modeling  exercise  serves  several  purposes. 
First,  a  preliminary  investigation  of  a  range  of  source 
functions  provides  a  basis  for  comparison  of  the  isotropic 
moment  to  be  calculated  in  the  next  chapter.  A  catalog  of 
Mueller -Murphy  theoretical  source  function  changes  with 
material  constants  will  allow  better  interpretation  of  t:. 


quantify  the 


>1  vability  of 


the  model  with  this  data  set. 

Secondly  the  trade-offs  between  S(co)  and  G(co)  are 
addressed.  G(CO)  are  not  known  exactly  but  are  approximated 


and  any  errors  in  G(f)  map*  into  the  inverted  source 
functions,  iq  (CD)  , 


Cl.'/-) 


3,  (CO) 


G  (co) " '  u0(cn) 
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where  G  (CO)  is  the  inverse  of  the  Green's  functions  and  Uo(t0) 
are  the  observed  seismograms.  This  equation  will  be 
discussed  in  the  next  chapter.  The  set  of  path  models  are 
utilized  in  a  series  of  inversions  in  the  next  chapter  to 
proceed  with  the  quantification  of  how  Si  (CO)  is  affected  by 
errors  in  G  (co)  . 

A  third  application  of  the  synthetic  seismograms 
calculated  in  this  section  is  to  use  them  in  trial 
inversions.  Several  synthetic  trials  were  designed  to  show 
the  effects  of  noise  in  the  waveforms  and  the  effects  of 
station  distribution  i  e  calculation  of  the  inverted 
source . 


.-T.hs..Q.re.tl ca.,1 ce  EuacidLo-iu., £kE 

The  historical  basis  of  the  reduced  displacement 
potential  (RDP)  as  a  suitable  description  of  the  isotropic 
component  of  the  explosion  seismic  source  function  (ESSF)  was 
reviewed  in  Chapter  1.  Now  the  exact  form  of  the  Mueller- 
Murphy  (1971)  RDP  is  given  in  order  to  study  the  effect 
various  parameters  have  on  theoretical  predictions.  The 
Muel ler-Murphy  RDP  is  singled  out  here  because  it  is  the  only 
source  model  that  directly  incorporates  depth  of.  burial 
effects  and  other  physical  parameters. 

/if  distances  much  greater  than  the  elastic  radius,  rL.;, 
the  far-fiela  P.bP  is  described  in  the  frequency  domain  for  an 
arbitrary  pressure  pulse  acting  at  the  elastic  radius  in  an 


isotropic  homogeneous  wholespace 
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(3.3)  y(to)  =  IsUf - Ei<« - 

(co£  -  P'o)2  +  i(i)0co) 

where  p(£D)  is  the  Fourier  transform  of  the  pressure  pulse, 
p(t);  c  is  compressional  velocity;  to0  =  c./rei  is 
characteristic  frequency;  and  (}'  =  (X  +2 (i) /4p.  for  Lame's 
constant,  X,  and  shear  modulus,  fi  (Equation  10,  Mueller  and 
Murphy,  1 971) . 

Mueller  and  Murphy  analyzed  free-field  observations  at 
close  ranges  to  several  UHE's  to  propose  the  analytical 
description  of  the  pressure  time  function 

(3.4)  P(U  -  (?oe~at  +  P0c>  H(t> 

illustrated  in  Figure  3.1.  Poc  is  the  steady  state  pressure; 
P0  =  P0s  -  Poc  is  the  magnitude  of  the  pressure  difference 
between  peak  pressure,  Pc  and  steady  state  pressure,  Poc ;  a 

is  the  decay  constant;  and  H(t)  is  the  unit  step  function. 
Source  overshoot  is  the  ratio  of  the  peak  pressure  to  the 
step  pressure 


(3.5) 


P  _  Pos/Poc 


arid  is  greater  for  hard  rock  than  for  soft  or  porous  rock. 
Source  overshoot  controls  the  peak  in  the  source 


spectrum . 


PRESSURE 


TIME 


Figure  3.1.  Pressure  function  used  to  calculate  the  reduced 
displacement  potential.  Poc  is  steady  state  pressure,  PDs  is 
peak  shock  pressure  and  Pc  -  POE  -  P0c  •  {From  M  leller  and 
Murphy,  1971) 


Note  that  von  Seggern  and  Blanford  (1972)  defined  source 
overshoot  as  the  ratio  of  pressure  amplitude  to  steady-state 
pressure  (B  =  P0/P0c)  • 

Calculation  of  the  theoretical  RDP  using  Equation  3.3 
requires  an  estimate  of  the  pressure  function  in  Equation 
3.4.  Mue ller-Murphy  developed  the  following  scaling 
relations  for  parameters  in  Equation  3.4  in  terms  of  the 
basic  shot  variables:  yield,  W,  depth  of  burial,  h,  P-wave 
velocity,  S-wave  velocity  and  density. 

Peak  shock  pressure,  Pos,  measured  from  close-in  free- 
field  data  is  in  general  slightly  larger  than  the  overburden 
pressure 

(3.6)  Pos  =  1 . Spgh 

for  density,  p,  gravitational  acceleration,  g,  and  depth,  h. 

The  relation  for  steady  state  pressure,  Poc,  was  derived 
by  considering  permanent  displacement  at  the  elastic  radius. 
In  an  incompressible  solid 


where  a  compaction  factor,  k],  (<  1.0),  is  necessary  to  lower 
the  step  pressures  to  match  observations  of  steady  state 
pressures  in  porous  (compressible)  rocks  (Equation  16, 
Mueller  and  Murphy,  197]  )  . 


The  step  pressure  in  Equation  3.7  depends  on  elastic 
radius  and  cavity  radius  which  scale  with  yield  and  burial 
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depth  as  follows: 

(3.8) 


re.i 


k2 


W 

h 


1/3 

.42 


(3.9) 


Cavity  radius  is  smaller  for  competent  rock  in  which  there  is 
little  pore  space  to  collapse  as  the  cavity  grows  and  is 
larger  for  porous  material. 

The  decay  constant ,  Or,  of  the  pressure  function  is 
proportional  to  the  theoretical  corner  frequency,  lo0 : 


(3.10)  a  =  k4  co„ 

The  proportionality  constants,  kj.,  in  Equations  3.7  - 
3,10  are  medium  dependent.  Muel ler-Murphy  constants  for  the 
ruff-rhyolite  of  Pahute  Mesa  at  NTS,  the  most  intensely 
studied  and  modeled  source  medium,  are  k:=  .4,  k?=  3490,  k3= 
31.4  and  k/,=  1.5.  Muel ler-Murphey  also  list  some  of  the 
constants  for  granite,  salt,  shale  and  alluvium. 

The  CART  yield  and  depth  of  burial  are 


(3.11) 


W  =  2.5  x  lv 


-6 


kt 
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< 

(3.12)  h  =  3.0  meters 

The  UNEs  studied  by  Mueller-Murphy  were  all  buried  at  < 

depths  large  enough  to  ensure  containment.  The  normal  scaled 
depth  for  containment, 

< 

(3.13)  SD  =  h  /  W1/3  m 

is  122W1/3  m  for  h  in  meters  and  W  in  kilotons.  The  CART  { 

explosion  is  overburied  at  221W1-/3  m  while  the  ART  explosion 
is  underburied  at  74W1/3  m. 

The  above  scaling  relations  (Equations  3.7-3.10)  < 

predict  the  shape  of  the  RDP  from  basic  shot  parameter:  and 
medium  parameters.  Many  realizations  of  Equation  3.3  w-u'e 
calculated  to  study  the  change  in  the  RDP  with  changing  , 

parameters . 


1 .  BASIC  Model 

In  this  section  (3.B.1)  the  characteristics  of  the  BASIC 
source  model  are  discussed  followed  in  Section  3.B.2  by  a 
summary  of  depth  effects  on  the  BASIC  mociel  .  Section  3.B.3 
gives  physical  evidence  for  the  parameters  of  the  B7iSIC  model 
along  with  two  other  models  summarizing  a  realistic  range  of 
possible  parameters  for  the  ART / CART  source. 

The  BASIC  model  used  for  the  CART  test  site  was  first 
calculated  for  a  scaled  dept  i  of  1 2 2 VJ 1  ^  '  m  assuming  a  cavity 
radius  of  0.64  m,  elastic  radius  of  7.0  rn,  corny  >  r-nsi  ona  ] 
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velocity  of  366  m/s,  shear  velocity  of  244  m/s  and  density  of 
1.9  gm/cm3.  These  parameters  result  in  a  source  spectrum  with 
a  long  period  level  of  0.035  m3'  no  overshoot  (B=1.0),  and  a 
theoretical  corner  frequency  of  8.3  Hz. 

Figure  3 . 2a-d  illustrates  the  result  of  varying  the 
following  four  parameters  with  respect  to  the  BASIC  RDP;  (a) 
cavity  radius,  (b)  elastic  radius,  (c)  velocities 
(compressional  and  shear)  and  (d)  Poisson’s  ratio  (changing 
shear  velocity  only) .  The  BASIC  RDP  is  the  dashed  curve  in 
Figure  3.2.  The  parameters  for  these  trials  are  listed  in 
table  4.  Because  the  RDP  is  only  slightly  affected  by 
changing  density  the  effect  of  density  is  not  illustrated. 

The  three  characteristics  that  change  in  Figure  3,2  are: 
long  period  level  LPL) ,  source  overshoot  (B) ,  and  corner 
frequency  (f0>  .  These  are  r. ctably  the  three  parameters  that 
Haskell  and  others  have  used  to  fit  analytical  functions  to 
observed  RDPs  (Haskell  (1961),  von  Seggren  and  Blanford 
(197 2),  Helmberger  and  Hadley  (1984). 

The  following  sections  relate  the  parameters  in  table  4 
to  the  trial  PDFs  in  Figure  3.2.  The  discussion  is  grouped 
into  asp*,  cts  of  the  RDP  ounce:  ning  the  long-period  level 
(DPI),  source  overshoot  and  corner  frequency.  Following  the 
d  scuss  on  of  the  characteristics  of  the  RDP,  a  range  of  RDPs 
for  tie  CAJ'T  explosion  are  presented  along  with  the  reasoning 
for  r ssig nment  of  each  parameter.  Since  high-frequency  level 
is  p:  cportional  to  W-63  and  has  a  slope  of  o  ~2  for  air 
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TABLE  4 

SOURCE  PARAMETERS  IN  FIGURE  3.2 


Cavity 

Elastic 

Velocity 

Poisson 

h 

1 . 6 

1 . 6 

1  .  6 

1 . 6 

rc 

.64)  (  .53)  ( .43) 

.  64 

.  64 

.  64 

rel 

7.0  (10 

.0)  (8.8)  (7  . 

0)  7.0 

7.0 

P 

1 . 9 

1 . 9 

1  .  9 

1 . 9 

B 

(1)  (1.8)  (3.3) 

(1)  (2)  (3) 

(1) (2) (2.9) 

(1)  (2)  (2  .  9) 

c 

366 

366 

(366)  (258)  (216) 

366 

P 

244 

244 

'244)  (172)  (144) 

(244)  (172)  (14  4 

G 

.  1 

,  1 

.1 

( .1)  ( .35)  (  .4) 

ki 

.  4 

.4 

.  4 

.  4 

^2 

417  (597)  (525)  (417)  417 

417 

k3 

(28) (24) (19) 

28.5 

28.5 

28 . 5 

1 . 5 

1 . 5 

1  .  5 

1 . 5 

FAR  FIELD  RDP  (fr>3> 


!  Figure  3.2.  Sensitivity  of  reduced  displacement  potential  to 

j  (a)  cavity  radius  (L)  elastic  radius  (c)  compress ional  and 

I  shear  velocity  (d)  Poisson's  ratio. 

i 


realizations  of  Equation  3.3,  no  comparisons  of  high- 
frequency  level  or  high-frequency  roll-off  are  necessary. 
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a)  Long  period  level:  LPL  ‘ 

The  long  period  level  (LPL)  of  the  source  spectrum  is 

) 

obtained  by  taking  the  limit  of  Equation  3.3  as  CO  approaches 

I 

zero  and  substituting  Equation  3.7  for  Poc,  i 

(3.14)  V (CO)  | co  =  0  =  r°;3  Pp-  =  1  ki  rc3 

4^  3  « 

The  LPL  of  the  source  spectrum  is  related  to  final  cavity 

volume  which  increases  as  the  cube  of  the  cavity  radius  for  % 

increasing  yield. 

In  classical  cube-root-yield  (CRY)  scaling  the  cavity 
radius  is  assumed  proportional  to  the  cube  root  of  yield  so  4 

LPL  is  directly  proportional  to  yield 


\J/(C0)  jw  =  o  ~  (rc)  3  ~  W1,0 


« 


In  contrast  Muel ler-Murphy  allow  cavity  radius  to  get 
larger  as  overburden  pressure  decreases  or  yield  increases. 
Substituting  Equations  3.13  and  3.9  into  3.34  relates 
Mueller-Murphy  LPL  to  yield: 


(3.15) 


Y(CO)|0)  .  o  ~  (rc)  3  -  W76 


4 


4 


4 


I 
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This  step  allows  a  quantification  of  the  yield  ratio  error 
associated  with  cavity  radius  error.  In  other  words,  if  the 
true  cavity  radius  is  rc^  and  the  parameter  is  estimated  at 
rc2  then  the  true  yield,  Wi,  would  be  different  from  the 
predicted  yield,  W2 .  The  difference  between  true  and  expected 
yield  can  be  measured  as  a  ratio  of  true  and  predicted  cavity 
radius . 


(3.16) 


/  rci  \  3/  .16  _  VP 

'  r c2  '  W: 


Figure  3.2a  illustrates  the  RDP  for  cavity  radii  of 
0.43,  0.53  and  0.64  m  with  all  other  parameters  held  constant 
according  to  the  BASIC  model.  The  k3  proportionality  factors 
vnich  determine  the  estimated  cavity  radii  are  28.5,  38.0  and 
43.7  respectively.  For  a  cavity  radius  increase  from  .43  to 
.64  meters  the  expected  yield  ratio  is  5.0.  The  predicted 
yield  ratio  increases  approximately  as  the  ratio  of  predicted 
cavity  radius  (rci)  to  true  radius  (rc2)  raised  to  the  fourth 
power.  The  implication  is  that  estimation  of  relative  yield 
from  forward  models  is  strongly  dependent  on  the  estimation 
of  cavity  radius.  This  weakness  could  be  avoided  with 
empirical  measurements  of  rc. 

In  this  example,  the  LPL  increases  by  a  factor  of  3.3 
for  a  factor  of  1.5  increase  in  cavity  radius.  This  large 
variation  in  LPL  could  have  a  significant  impact  on 
calibration  tests  using  small  explosions  in  an  innomogeneou s 
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test  bed.  Equation  3.9  predicts  a  cavity  radius  ol  23  meters 
for  10  kt  explosion  in  tuf f -rhyolite  at  a  scaled  depth  of 
122W1/3  it..  The  actual  cavity  radius  may  vary  around  the 
sphere  but  the  result  seen  at  one  station  j.s  an  average.  For 
small  explosions,  the  entire  cavity  radius  could  be  contained 
by  an  inhomogeneity  with  a  scale  length  of  two  meters  so  that 
the  proportionality  constant,  k4,  derived  for  a  test  site 
would  be  in  error. 

Because  cavity  radius  depends  on  pore  fluids,  it.  is  also 
notable  that  small  explosions  can  easily  be  placed  above  or 
below  the  water  table.  A  saturated  rock  is  less  compressible 
leading  to  a  smaller  cavity  radius  for  a  given  yield. 

b)  Source  Overshoot 

Source  overshoot  is  sensitive  to  all  parameters  tested 
as  shown  in  Figure  3.2a-d.  The  peak  pressure  according  to 
Equation  3.6  for  the  BASIC  model  at  a  scaled  depth  of  122W1/3 
m  (1.65  m)  is  46.1  x  104  dyne/cm2  The  maximum  step  pressure 
calculated  by  Equation  3.7  should  be  less  than  the  peak 
pressure.  Rewriting  Equation  3.7  with  n  =  pfi2 

(3.17,  P„  -  UipP?(^)3 

shows  that  step  pressure  is  decreased  and  overshoot  is 
increased  for  decreasing  rc  (Figure  3.2a);  increasing 
(Figure  3.2b);  decreasing  shear  velocity  (Figure  3.2c);  and 
increasing  Poisson's  ratio  (Figure  3. 2d). 
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The  effect  of  increasing  the  overshoot  in  Figures  3.2b-d 
is  to  shift  the  apparent  corner  toward  the  low  frequencies. 
The  LPL  is  not  changed  by  overshoot  in  Figures  3.2b  -  3. 2d. 

c)  Corner  frequency 

The  corner  frequency  dependence  on  elastic  radius  and 
compressional  velocity  is  given  by 

(3.18)  (0o  = 

lei 

If  the  elastic  radius  is  proportional  to  cube  root  of  yield 
then  the  corner  frequency  is  inversely  proportional  to  the 
cube  root  of  yield. 

(3.19)  (0o  ~ 

W1/3 

The  Mueller-Murphy  corner  scales  inversely  as  yield  raised  to 
the  .19  power  as  shown  by  substituting  Equation  3.13  and  3.8 
into  3.17 


The  inverse  relationship  of  corner  frequency  and  elastic 
radius  is  illustrated  in  Figure  3.2b  (arrow  -is  in  direction 
of  increasing  elastic  radius)  As  elastic  radius  increases 
from  7.0  to  10.0  meters  the  corner  frequency  aecre;  ses  from 
8.3  Hz  to  3.8  Hz. 
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Figure  3.2c  illustrates  the  corner  frequency  shift  with 
increasing  P-velocity  for  a  constant  Poisson's  ration  of  .1. 
The  theoretical  corner  shifts  from  8.3  Hz  to  4.9  Hz  for  a 
decrease  in  P-velocity  from  366  m/ s  to  216  m/s.  The  change 
in  apparent  corner  frequency  is  also  related  to  overshoot. 

Figure  3. 2d  shows  the  effect  of  changing  only  the  shear 
velocity  and  allowing  Poisson's  rat  *o  change.  As 
Poisson's  ratio  increases  the  overshoot  increases  and  the 
"apparent"  corner  shifts  form  8.3  Hz  to  7.0  Hz  while  the 
theoretical  corner  frequency  does  not  change. 

2.  Source  Depth  of  Burial 

The  BASIC  model  was  calculated  for  normal  SD  of  i 2 ^ W 1  / in 
{-  1  .63  m)  .  Pep’  h  of  burial  effects  associated  with  CART  (SD 
--=  22] W3/j)  and  7iR.T  (SP  -  7  4W1/3  rn)  are  illustrated  in  Figure 

lor  a  kj  proportionality  constant  of  28.3  in  Equation 
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FREQUENCY  (Hz) 


Figure  ,".3.  Sensitivity  of  the  reduced  displacement 
potent  i  s j  to  depth  ol  burial.  Curves  for  normal  (SDr  Z  2/i'.- '’-'j  , 
overi  ■ur  led  (.3D  =  2/lVi1 1 -')  and  undurburied  (SD=74Vv1  Z-')  sosl'-d 
depths  are  shown .  The  dashed  curve  is  the  Basic  source 
corresponding  to  the  dashed  curve  i  n  Figure  3.2. 
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apparent  in  the  peak  velocity  versus  range  plots  in  Figure 
2.7,  the  result  is  not  conclusive  because  Figure  2.7  doesn't 
separate  frequencies.  (Perret  and  Bass  filtered  their  data 
to  get  correct  time  domain  amplitude  comparisons) . 

3.  CART  Reduced  Displacement  Potentials 

Table  5  lists  the  parameters  of  two  additional  models: 
SLOW92  and  FAST 60 .  These  models  were  chosen  to  illustrate 
the  extremes  in  LPL  and  corner  frequency  that  are  possible 
for  the  McCormick  Ranch  test  site.  The  RDPs  are  plotted  in 
Figure  3.4.  Between  the  two  extreme  models,  SLOW92  and 
FAST60,  there  is  a  factor  of  3.6  increase  in  LPL  and  the 
corner  frequency  shifts  by  a  factor  of  3 . 5 .  It  is  believed 
that  the  RDP  for  the  CART  explosion  is  somewhere  in  between 
these  two  extreme  models.  Derivation  of  the  appropriate 
cavity  radius, elastic  radius,  P~velocity  and  S-velocity  are 
given  below. 

Equation  3.9  predicts  a  cavity  radius  of  0.66  meters  for 
the  CART  source  in  tuf f -rhyolite  (1.3=31.4).  Stump  (1984)  used 
k.3-  28.7  for  dry  alluvium  suggesting  a  cavity  radius  of  0.60 
meters.  Since  the  CART  tests  are  very  near  the  surface  the 
source  medium  should  be  less  consolidated  and  more 
compressible.  A  lower  limit  of  .60  to  0.66  meters  is  taken 
for  cavity  radius.  The  upper  limit  of  the  cavity  radius  is 
taken  from  photographs  of  the  ART  craters  which  are  2.0 
meters  in  diameter.  Thus  the  CART  cavity  radius  is  less  than 


1 . 0  met 
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TABLE  5 

CART  SOURCE  PARAMETERS  IN  FIGURE  3.4 


bas  :  c 

SLOW92 

FAST60 

h  (m) 

1 . 6 

3.0 

3.0 

rc  (m) 

.  64 

.  92 

.  60 

rel  (m) 

7.0 

7.5 

5  .2 

p  (grrt/cnri5 ) 

1 . 9 

I  .  9 

1  .  9 

B 

1 . 0 

3.1 

1  .  0 

c  (W  3 ) 

3  66 

27  0 

r  r, 

O  wo 

P  On/ 3) 

244 

120 

2  30 

a 

.  1 

.38 

.  41 

kj 

.  4 

.  4 

.  4 

( r  o ] ) 

417 

1490 

8  7  G 

kjlrc) 

2 5.5 

43.7 

28.3 

i 

1.5 

1 . 5 

i  .  3 

^  O 

8.3 

5.7 

18.4 

FAR  FIELD  RDP  (m3) 


FREQUENCY  (Hz) 


Figure  3.4  Range  of  possible  CART  reduced  displacement 
potentials.  Curves  are  computed  from  parameters  listed  in 
table  5. 
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Mueller-Murphy  yet  k2  in  Equation  3.8  equal  to  1490  for 
tuff-rhyolite.  This  constant  predicts  a  CART  rei  of  12.74  m. 
Based  on  the  study  of  amplitude  versus  range  presented 
earlier  (see  Fig.  2.6  -  2.8),  the  CART  elastic  radius  appears 
to  be  smaller  than  12.74  m  hence  the  k£  constant  was  assigned 
a  lower  value  and  12.74  m  is  taken  as  the  upper  limit  for  the 
CART  elastic  radius.  Since  the  linear  trend  fit  through  all 
peak  radial  velocities  has  a  slope  of  -1.56,  linear  motion  is 
most  likely  observed  as  close  to  the  source  as  5.0  -  10.0 
meters.  The  BASIC  model  incorporates  an  elastic  radius  of 
7.0  meters  with  a  kj  value  of  417. 

SLOW92  combines  the  maximum  cavity  and  elastic  radii 
with  the  minimum  wave  velocities.  The  velocity  pair,  c  =  270 
and  p  =  120,  for  SLOVJ92  is  representative  of  the  top  layer  in 

the  McCormick  Ranch  site  model  given  in  table  3.  The  low 
shear  velocity  and  high  Poisson's  ratio  of  .38  results  in  a 
large  overshoot;  B  =  3.1.  The  low  shear  velocity  with  the 
large  elastic  radius  results  in  the  minimum  theoretical 
corner  frequency  of  5.7.  The  analytic  (or  apparent)  corner 
frequency,  roughly  equal  to  the  peak  in  the  spectrum,  is  at  5 
Hz  . 

FAST60  combines  the  minimum  radii  with  the  maximum  wave 
velocities.  The  velocity  pair,  c  =  600  and  P  =  230, 

corresponds  to  layer  2  in  the  McCormick  Ranch  site  model 
given  in  table  3.  The  F-velocity  was  lowered  from  670  m/s  in 
the  site  model  in  order  reduce  Poisson's  ratio  to  .41 .  While 
source  overshoot  i or  the  FAST 00  RbP  as  1.0  there  i s  a  p<  :k  in 
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the  spectrum  due  to  the  high  Poisson's  ratio.  The 
theoretical  corner  frequency  is  18.4  Hz  and  the  spectrum  is 
peaked  at  about  lb  Hz. 


This  section  documents  the  path  models  that  were  tested 
in  an  attempt  to  forward  model  the  CART  observed  seismograms . 
These  calculations  begin  with  simple  half-space  (HS)  models 
of  the  test  site  and  conclude  with  the  more  complex  and 
realistic  layered  half-space  models  (LHS)  .  A  series  of 
models  are  included  in  each  group  to  explore  the  effects  of 
different  model  parameters  on  the  synthetic  seismograms. 

The  results  of  this  section  are  displays  of  the  various 
possible  source  models  combined  with  the  various  path  models. 
Figures  3.5,  3.6  and  3.7  are  representative  of  the  half-space 
models  and  Figures  3.8,  3.9  and  3.10  illustrate  the  layered 
half  f.  ace  models.  Trade-offs  associated  with  the  forward 
modeling  procedure  arc  summarized  in  Section  D  following  thir. 
sect  ion . 


] .  Halt -space  Greens  Functions 
Seismograms  are  first  synthesized  for  the  simplest  path 
mode];  an  clastic  half-space.  The  purpose  is  to  test  how 
much  of  the  characteristics  of  the  observed  waveforms  can  be 
matched  by  the  simpbst  model. 

Green's  function:.  -:re  calculated  for  spherical  waves 
emanating  f  r  om  a  point  som:c<-  meters  below  the  free 
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surface  in  an  isotropic,  homogeneous,  elastic  half-space. 

The  Cagniard  de  Hoop  transform  technique  of  Johnson  (1974) 
calculates  the  total  wavefield. 

Two  half-space  models  are  discussed  here.  Model  HS366 
assumes  the  parameters  of  the  second  layer  in  the  CART  site 
characterization  listed  in  table  3.  P-wave  velocity  is  670 
m/s,  S-wave  velocity  is  366  m/s  and  density  is  1.9  gm/cc. 
Poisson's  ratio  for  this  model  is  0.29. 

The  second  HS  model  was  derived  directly  from  CART  first 
arrival  times.  The  CART  observations  were  used  to  calculate 
a  P-wave  velocity  at  each  range.  Sv-P  times  were  then  used 
to  get  S  travel  time  and  S-velocity  at  each  range.  The 
velocities  of  this  range  varying  half-space  model  are  listed 
in  the  upper  part  of  table  6.  The  velocity  pairs  resulted  in 
a  constant  Poisson's  ratio  of  0.43-0.45  for  the  six  ranges. 

The  average  velocities  chosen  for  the  HS115  model  are  400  m/s 
and  115  m/s  for  P  and  S  velocities. 

In  summary  there  is  a  fast  HS  model,  HS366  with  a  shear 
velocity  of  366  m/s  and  a  slow  HS  model  with  a  shear  velocity 
of  115  m/s.  Green's  functions  were  computed  for  each  HS 
model  at  each  CART  range  and  convolved  with  the  Mueller- 
Murphy  source  function,  BASIC,  discussed  in  the  previous 
section.  The  result  is  a  set  of  radial  and  vertical  velocity 
synthetics  for  the  two  half-space  models. 

Figure  3.5  illustrates  the  HS115  path  model  with  the 
B/aSIC  source  mode).  Radial  and  vertical  synthetic 


5.0 

227 

1  .  9 

9 . 7 

303 

100 

1  .  9 

.44 

13.5 

355 

]  15 

1 . 9 

.44 

20 . 3 

425 

125 

1  .  9 

.  4  5 

27  .  0 

465 

1  50 

1  .  9 

.44 

40.6 

52  7 

180 

1  .  9 

.43 

Aver  rig <■  Ha  j  f  -space.- 


H  8  3  6  6 

67  0 

366 

1  .  9 

.29 

H8115 

4  00 

116 

1  .  9 

.  4  5 

SYNTHETIC  VELOCITY  (cm  /'  s) 


78 


seismograms  are  plotted  for  each  CART  range.  Synthetic 
(predicted)  amplitudes  are  given  at  the  right  of  each  trace. 

These  synthetics  reproduce  some  important  aspects  of  the 
observational  data  that  were  outlined  in  Section  2. A. 3. 
Specifically,  the  development  of  surface  waves  with  range 
matches  the  observational  data.  The  body  waves  dominate  the 
signal  between  5  and  13.5  meters  and  the  surface  waves 
dominate  between  20.3  and  40.6  meters. 

Another  measure  of  the  fit  of  synthetics  to  observations 
is  the  ratio  of  the  peak  radial  velocity  to  the  peak  vertical 
velocity.  The  radial  and  vertical  peaks  for  CART  data  are 
listed  in  Appendix  C.  At  close  ranges  (5-13.5  m)  the 
observed  R/Z  ratio  is  around  1.5.  At  more  distant  ranges  the 
ratio  increases  to  2  or  more.  The  half-space  synthetic  peak 
ratios  show  the  opposite  trend;  at  near  ranges,  the  ratio  is 
around  1.2  and  at  far  ranges  the  ratio  is  .65.  This  suggests 
the  peak  radial  component  at  large  offsets  is  too  small 
relative  to  the  peak  vertical  component  for  the  HS115  model. 

Figure  3.6  shows  the  effect  of  sources  on  the  synthetic 
ca 1 culat ions  at  the  9.7  me  ter  range.  In  Figure  3,6a  the 
HS115  path  model  is  convolved  with  the  3  RDPs  in  Figure  3.4 
(after  converting  the  RDPs  to  moment  according  to  Equation 
1.7  as  required  by  Equation  4.4.)  Synthetics  are  compared  to 
the  CART3R  observation  at  9.7  meters. 

The  factor  of  3.6  -3.8  variation  in  amplitude  is  i elated 
to  the  relative  amplitude'  of  the  source  moment  functions. 

When  cornj  r  ess  i  onaj  velocity  is  used  :  n  Equation  1.7  to 


VELOCITY  (cm 
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convert  from  reduced  displacement  potential  to  seismic 
moment,  the  order  of  the  largest  to  smallest  source  functions 
changes  from  SLOW92  having  the  highest  long  period  level 
followed  by  BASIC  and  FAST 60  to  the  order  in  which  FAST 60  is 
largest  followed  by  SLOW92  and  BASIC.  The  peak  observed 
amplitude  falls  within  the  range  of  synthetic  amplitudes  for 
both  the  radial  and  vertical  components  in  Figure  3.6a. 

The  R/Z  ratio  is  1  -  1.4  for  the  synthetics  compared  to 
0.9  for  the  CART 3 B  observation.  The  relative  contributions 
of  radial  and  vertical  components  are  well  modeled  by  the 
HS115  synthetics  at  this  range. 

While  the  BASIC  and  FAST 60  source  models  produce 
synthetics  of  similar  shape,  the  SLOW92  model  results  in  a 
synthetic  richer  in  long  period.  This  is  a  result  of  the  low 
corner  frequency  of  5.7  Hz  in  the  SLOW92  source  model. 

Figure  3.6b  is  the  same  as  3.6a  except  this  time  the 
faster  HS366  path  model  was  convolved  with  the  3  RDPs  . 
Amplitudes  vary  by  a  factor  of  3.8.  The  observed  peak  radial 
velocity  falls  within  the  range  of  calculated  amplitudes  but 
the  calculated  vertical  peaks  are  smaller  than  the  observed 
peaks  . 

The  R/Z  ratios  are  around  3.0  for  the  synthetics  as 
compared  to  0.9  for  the  observed  seismograms.  This  synthetic 
R/Z  ratio  is  larger  lor  the  HS366  path  than  for  the  H5113 
path  models  because  the  faster  shear  velocities  .in  HC36G 
produce  lower  radial  peaks  than  for  the  iii.113  model  .  'I  he 
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faster  model  shows  a  smaller  contribution  of  surface  waves 
and  in  general  a  higher  frequency  content . 

Figure  3.7  is  the  same  as  Figure  3.6  but  synthetics  are 
now  calculated  at  the  27  meter  range  and  compared  to  the 
CART ID  observation  at  27.0  meters.  Figure  3.7a  is  the  slow 
HS115  path  model  convolved  with  the  3  source  models  and 
Figure  3.7b  is  the  fast  H3366  model  with  the  same  source 
models . 

Comparing  Figure  3.7  to  3.6  it  is  obvious  that  as  offset 
increases,  the  surface  waves  become  more  pronounced  on  both 
the  synthetic  and  observed  signals.  The  most  notable 
difference  between  Figures  3.7a  and  3.7b  is  the  time  of  the 
surface  wave  arrival.  HS115  results  in  a  surface  wave 
arrival  that  is  consistent  with  the  observation.  HS366 
results  in  a  surface  wave  arrival  that  is  very  close  in  time 
to  the  body  wave  arrivals.  This  argues  for  a  slow  shear 
velocity  as  in  the  HS115  model.  Another  explanation  could  be 
a  secondary  source  which  is  richer  in  long  periods.  This 
trade-off  is  discussed  in  Section  4 . C . 3 . 

The  ]■/?.  ratio  of  1  fie  surface  wave  peaks  of  CART1D  in 
2.4.  The  same  P/2  iatio  of  the  HS115  synthetics  is  aiound 
0.8  and  around  0.6  for  the  KS36C  model. 
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HALF  SPACE  VELOCITY  SYNTHETICS  27  METERS 
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Figure  3.7.  Racial  and  vertical  velocity  synthetics  at  27 
meters  (a) Slow  half-space  model,  HS115,  with  three  sources. 
(b)Fast  half -space  velocity  with  three  sources.  The  peak 
amplitudes  are  plotted  at  right.  The  bottom  trace  in  each 
figure  is  the  observed  velocity  from  station  D  (at  27  meters) 
of  CART  1. 
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synthetics  is  that  the  arrival  time  of  the  surface  wave  is 
early . 

2.  Layered  Half-space  Greens  Functions 

Half-space  synthetics  calculated  in  the  previous  section 
provided  no  way  to  return  down-going  energy  to  the  receiver. 

In  this  section  LHS  Green's  functions  are  convolved  with  the 
3  RDPs  to  investigate  the  more  realistic  situation  of  a 
velocity  structure  that  increases  with  depth  and  thus 
includes  turning  rays  in  the  synthetics.  Green's  functions 
are  calculated  for  models  consisting  of  2  layers  over  a  half¬ 
space.  In  addition  to  P  and  S  velocities,  the  reflectivity 
solution  used  in  this  section  allows  the  specification  of  Q 
(intrinsitc  attenuation)  for  each  layer.  The  code  fallows  a 
generalized  method  suggested  by  Fuchs  and  Mueller  (1971) . 

The  number  of  variables  to  be  specified  in  the  LHS 
models  has  increased  6-fold  over  the  number  of  variables 
required  for  the  HS  models.  To  reflect  this,  the  number  of 
models  necessary  for  comparison  has  also  increased.  Four 
combinations  of  S  velocities,  three  combinations  of  Q 
structure  and  location  of  the  source  above  or  below  the 
three-meter  interface  have  been  studied  in  12  different 
models.  Six  of  the  12  models  are  presented  in  table  7.  in 
these  particular  models  labeled  F,H,I,K,N  and  G,  P  velocity 
is  constant  for  all  three  layers.  The  effect  of  changing  P 
velocities  was  not  addressed  because  P-velocity  was  assumed 
the  most  reliable  of  all  the  estimates.  0  structure  does  not 


TABLE  7 


LAYERED  HALF-SPACE  VELOCITY  MODELS 


F 

H 

I 

K 

N 

0 

Pi 

120 

80 

80 

80 

120 

120 

(a:  - 

270) 

P2 

3  60 

360 

360 

230 

230 

230 

(a2  = 

670) 

P3 

5C0 

500 

500 

360 

360 

360 

(OC3  = 

930) 

Above 

A 

A 

Below 

B 

B 

B 

B 

Ql 

10 

10 

10 

10 

10 

10 

0.2 

50 

50 

50 

50 

50 

50 

02 

100 

100 

100 

100 

100 

100 
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change  between  these  models  because  preliminary  calculations 
showed  that  a  change  of  Q  over  the  range  of  estimates  for  the 
ART/CART  test  site  does  not  severely  effect  the  resulting 
synthetic . 

The  most  important  parameter  and  the  least  well 
constrained  is  the  shear  velocities  structure.  Related  to 
this  is  the  location  of  the  shot  relative  to  the  most  shallow 
interface.  The  3.0  meter  interface  in  the  velocity  structure 
in  table  3  is  the  same  as  the  CART  shot  depth.  Path 
calculations  were  made  with  the  source  just  above  and  just 
below  the  3-meter  interface.  To  study  this  parameter  models 
H  and  I  were  completed  with  exactly  the  same  parameters 
except  the  source  in  H  was  placed  just  below  the  3-meter 
interface  and  the  source  in  I  was  place  just  above  the 
interface.  This  comparison  is  repeated  with  the  pair  of 
models  N  and  0. 

The  product  of  this  section  will  be  a  series  of  models 
with  different  shear  structures.  Inversions  in  the  next 
chapter  will  utilize  the  series  to  address  the  question  of 
how  uncertainty  in  shear  structure  maps  into  the  inverted 
source  function . 

To  illustrate  the  general  form  of  the  LHS  synthetics 
Figure  3.8  shows  the  seismograms  resulting  from  the 
convolution  of  the  path  model,  N,  with  the  BASIC  source. 
Radial  and  vertical  synthetic  velocities  are  plotted  for  each 
CART  range  with  peak  amplitudes  listed  to  the  right  of  each 
trace.  Comparison  of  the  this  figure  to  Figure  3.5  shows  the 
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PATH:  N  ,  SOURCE:  BASIC 
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Figure  3.8.  Velocity  synthetics  resulting  from  the  LHS  path 
model  N,  and  the  Basic  source  model.  Offset  distance  of 
calculation  is  shown  at  left.  At  the  right  of  each  trace  is 
the  peak  velocity.  Compare  to  HS  models  in  Figure  3.5. 
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difference  between  the  HS  and  LHS  models.  The  LHS  synthetics 
are  more  complex  and  show  a  more  oscillatory  character  as 
energy  is  trapped  in  the  upper  layers. 

The  R/Z  ratio  decreases  with  increasing  offset.  Radial 
(body  wave)  peaks  are  larger  than  vertical  peaks  at  close 
ranges  and  vertical  (surface  wave)  peaks  are  larger  than 
radial  peaks  at  27.0  and  40.6  meters. 

Figure  3.9  is  the  LHS  source  study.  The  3  RDPs  were 
each  convolved  with  the  path  model,  N.  Calculations  made  at 
9.7  meters  are  compared  with  the  CART3B  observation  in  Figure 
3.9a.  This  fi.guie  is  comparable  to  Figure  3 . 6  of  the  HS 
study.  The  observed  peak  amplitude  falls  within  the  range  of 
peak  synthetic  amplitudes  for  both  the  radial  and  vertical 
calculations.  Calculations  made  at  27.0  meters  are  compared 
with  the  CART1D  observation  in  Figure  3.9b.  This  figure  is 
comparable  to  Figure  3.7  of  the  HS  study.  Here  the  peak 
amplitudes  of  the  radial  synthetics  underestimate  the 
observation  and  the  peak  amplitudes  of  the  vertical  component 
overestimate  the  observation. 

Synthetic  R/Z  ratios  at  9.7  meters  vary  from  1.2  to  3,4 
between  source  models.  These  ratios  are  high  compared  to  the 
value  of  .9  for  the  observation.  At  the  27.0  meter  range  the 
surface  waves  are  predominantly  the  peak  amplitudes.  The  R/Z 
ratios  at  27.0  meters  which  vary  from  .3  to  .4  are  low 
compared  to  the  observed  ratio  of  2.43  at  27.0  meters. 

Figure  3.10  is  the  LHS  path  study.  The  six  path  models 
(F, H, I, K, N, 0)  were  convolved  with  the  BASIC  source.  Figure 
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Figure  3.9.  Velocity  synthetics  at  (a) 9.7  meters  and  (b) 

27.0  meters  resulting  from  the  LHS  path  model  N  with  three 
sources.  Peak  amplitudes  are  plotted  at  the  right  of  each 
trace.  The  bottom  trace  in  (a)  is  the  observed  velocity  from 
station  B  of  CAP.T  3.  The  bottom  trace  in  (b)  is  from  station 
D  of  CART  1.  Compare  to  HS  models  in  Figures  3.6  and  3.7. 
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Figure  3.10.  Velocity  synthetics  path  study.  Synthetics 
were  calculated  at  (a)  9.7  meters  and  (b)  27.0  meters  for  the 
Basic  source  with  6  different  LHS  path  models.  The  lower 
trace  in  each  figure  is  the  observed  seismogram.  LHS  path 
models  are  summar ized  in  table  7. 
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3.10a  makes  the  comparisons  at  the  9.7  meter  range  with  the 
CART3B  observation.  The  synthetic  radial  amplitudes  vary  by 
a  factor  of  3.2  and  the  synthetic  vertical  amplitudes  vary  by 

a  factor  of  6.4  over  the  range  of  path  models.  Both  the 

observed  radial  and  vertical  peak  amplitudes  fall  within  the 
ranges  of  peak  synthetic  amplitudes. 

Models  H  and  I  have  the  same  shear  structure  but  the 
source  is  above  the  3-meter  interface  in  I  and  below  the  3- 
meter  interface  in  H.  This  difference  results  in  a  factor  of 
1.8  difference  in  amplitudes  at  9.7  meters  and  a  factor  of 
3.4  at  27  meters.  The  larger  amplitudes  are  associated  with 
the  slower  shear  velocity  of  the  upper  layer.  Similarly 
model  0  and  N  have  the  same  shear  structure  but  the  source  in 

O  was  above  the  3-meter  interface  and  the  source  in  model  h 

was  be1.'-"-’  the  3-ro®fey-  inte^fa^e.  Notice  that  the  observed 
amplitude  is  more  closely  matched  by  the  synthetics  that  were 
calculated  with  the  source  in  the  lower  layer.  This  suggests 
the  shear  velocity  of  th®  layer  that  contained  the  explosives 
is  closer  to  the  shear  velocities  in  the  second  layer  of  the 
two  models.  In  particular  this  is  between  230  m/s  and  360 
m/s  . 


CHAPTER  4 


MOMENT  TENSOR  INVERSIONS 

The  work  presented  in  this  chapter  follows  the  method 
developed  by  Stump  and  Johnson  (1977)  who  inverted  radiated 
seismic  waves  to  determine  the  seismic  source  in  terms  of  a 
moment  tensor.  A  detailed  derivation  of  the  theory  is  given 
in  Stump  (1979)  .  Stump  showed  that  when  the  source  is 
represented  in  terms  of  a  moment  tensor  the  relationship 
between  data,  source  and  propagation  can  be  posed  as  a  linear 
problem.  Once  the  problem  is  linearized,  the  wealth  of 
techniques  for  linear  inversion  can  be  utilized.  The  method 
of  calculating  the  generalized  linear  inverse  used  in  this 
study  follows  Lanczos  (1961).  Stump  (1984)  demonstrated  that 
this  method  is  we  1 1  suited  for  explosion  seisrriograms 
especially  when  the  depth  of  the  explosion  is  known  or  can  be 
estimated. 

Formulation  of  the  inverse  problem  is  outlined  in 
Section  4 .A  and  the  generalized  linear  inverse  solution  is 
given  in  Section  4.B.  In  Section  4.C,  inversions  are 
completed  with  the  synthetic  seismograms  discussed  in  Chapter 
3.  This  step  provides  a  check  of  the  inversion  code  and  a 
resolution  study  of  the  source  matrix,  M.  In  Section  4.D, 
inveisions  ate  completed  with  observational  data. 


A.  Moment-  Tensor  Representation  of  the  Source 


92 


The  moment  tensor  representation  of  the  source  begins 
with  the  solution  of  the  elastodynamic  equations  of  motion 
written  in  terms  of  a  Green's  function  integral  with  sources 
in  terms  of  boundary  conditions,  initial  conditions  and  body 
forces.  The  initial  and  boundary  conditions  are  rewritten  in 
their  equivalent  form  of  body  forces  through  the  application 
of  the  representation  theorem. 

The  moment  tensor  representation  of  the  source  was 
derived  from  the  general  representation 


(4.1)  UK (x ' , t ' ) 


t '  ;x,  t) f j (x,  t) dx3dt 


where  is  the  displacement  in  the  k  direction  at  ( x  ' ,  t '  )  ; 
Gki  are  the  Green's  functions  for  the  point  source  in  the  i 

direction  observed  in  the  k  direction  at  fx',t');  f i  are  body 

— ♦ 

forces  in  the  i  direction  at  (x,t);  and  VD  is  the  source 


volume . 

Stump  and  Johnson  (1979)  expanded  the  Green's  functions 

in  equation  4.1  in  a  Taylor  series  about  the  center  of  the 

— ►  — ♦ 

source  volume, x  =  o 
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and  defined  the  volume  integral  over  force  by  distance  as  the 
force  moment  tensor,  M^j, 


(4.3) 


,(o,  t) 


“  / Xi 


.  .xjnf  j  (x,  t)dx-‘ 


Substituting  Equations  4.2  and  4.3  into  4.1  the  displacement 
solution  can  be  written: 


Uk(x'/t')  =  £  -3-  Gki(  j,..  .3n(x'  ,  t  '  ;o,  o)  ®M- •=,. . .  3r.(o, 


(5?) 

where  ^  is  the  symbol  for  temporal  convolution. 

For  an  explosion,  the  forces  act  at  the  elastic  radius 
of  the  source  region.  Since  the  elastic  radius  or  small 
explosions  is  smaller  than  the  seismic  wavelength  of 
interest,  it  is  realistic  to  simplify  Equation  4.4  by 
localizing  the  force  in  space:  a  point  source  is  assumed  and 
only  the  first  term  in  equation  4.4  is  necessary. 


,  t  ’  )  =  Gki,  j(x*  ,t  '  ;o,o)  ®M:3  (o,  t  '  ) 


The  equation  is  further  simplified  by  writing  it  in  the 
frequency  domain: 

UK(x',CO)  =G<;  _  .  (x  '  ,  0);  o,  o)  •Mjj(o,  CD) 


(4  .5) 


94 


where  the  temporal  convolution  is  replaced  by  multiplication. 

Equation  4.5  is  the  frequency  domain  solution  to  the 
elastodynam i.c  equations  of  motion  utilizing  the  moment  tensor 
representation  of  the  equivalent  body  forces.  This  equation 
is  linear  involving  ground  displacement,  U,  propagation  path 
effects,  G,  and  source  effects,  M.  The  equation  is  most 
conveniently  written  in  matrix  form 

(4.5  abbreviated)  U  =  GM 

The  moment  tensor,  M,  represents  the  force  moments  and 
their  directions  as  a  function  of  time.  Conservation  of 
angular  momentum  requires  the  moment  tensor  be  symmetric  so 
there  are  6  unique  time  functions: 

M-  M;?  M;  3 
M  22  M2  3 

M33  - 

A  purely  explosion  source  contains  identical  diagonal 
elements,  Mu,  M2 2 ,  M33  and  off-diagonal  elements  equal  to 
zero  . 

[l00‘ 

Mij  =  I  10 

L  1  . 

The  diagonal  components  of  the  explosion  source  are  equal  in 
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three  orthogonal  directions.  This  theoretical  explosion 
source  is  purely  volumetric:  it  has  spherical  symmetry  with 
zero  deviatoric  component. 

A  pure  earthquake  source  has  diagonal  elements  that  sum 
to  zero  making  the  volumetric  source  equal  zero.  An  example 
is  the  moment  tensor  for  a  strike-slip  fault: 


Mi  j 


0  10 
0  0 
0  - 


Equation  4.5  was  utilized  in  the  forward  models  in 
Chapter  3  to  predict  ground  motion,  U,  as  a  result  of  a  5  lb. 
explosion  (M)  in  various  velocity  structures  (G) .  In  this 
Chapter,  Equation  4.5  is  utilized  in  the  inverse  modeling  of 
tiie  source ,  K. 


E.  Solution  of  the  Inverse  .,Er.Qhl£lD 
The  method  used  in  this  study  is  to  solve  Equation  4,5 
in  the  frequency  domain  and  convert  the  moment  tensor 
estimates  to  the  source  time  functions.  The  equation  is 
written  for  each  frequency.  In  matrix  notation  the  left  side 
of  Equation  4.5  is  a  vector  containing  the  velocity  values  of 
each  channel  at  a  particular  frequency.  The  right  side  of 
the  equation  contains  the  Fourier  transform  of  the  Green's 
functions  multiplied  by  the  Fourier  transform  of  the  moment 
tensor  at.  a  particular  frequency. 
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To  obtain  the  estimate  of  M,  one  must  calculate  the 
inverse  of  the  G  matrix.  The  task  of  inverting  the  matrix, 

G,  is  accomplished  by  the  method  of  singular  value 
decomposition  following  the  work  of  Lanczos  (1961) 

(4.6)  G  =  WQVt 

(4.7)  G"1  =  VQ_1Wt 

Equation  4.7  is  the  generalized  inverse  of  G,  The 
matrices  W  consists  of  the  eigenvectors  associated  with 
eigenvalues  of  GGT .  V  similarly  consists  of  the  eigenvectors 
associated  with  the  eigenvalues  of  GTG  and  Q  is  a  matrix 
whose  diagonal  elements  are  the  positive  square  roots  of  the 
eigenvalues  of  GTG . 

Both  sides  of  Equation  4.6  are  multiplied  by  G"1  and  the 
moment  tensor  estimation  is  complete. 

(4.8)  G"'  U  =  G’:GM 

G']U  »  M 

The  eigenvalues  obtained  in  Equation  4.6  are  important 
in  defining  the  resolution  of  the  inverse  problem.  The 
solution  is  ill-defined  in  directions  associated  with  small 
eigenvalues.  Likewise  the  solution  lias  poor  resolution  in 
the  directions  in  which  there  are  very  small  eigenvalues. 
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The  condition  numbers,  the  ratio  of  largest  to  smallest 
eigenvalue,  when  calculated  at  each  frequency  give  an 
indication  of  the  frequency  band  of  resolvable  solutions. 

When  the  eigenvalues  are  approximately  equal  in  magnitude  the 
the  condition  numbers  are  small  and  the  problem  has  good 
resolution . 

The  degree  of  fit  is  quantified  by  substituting  the 
inverted  moment  tensor,  M,  obtained  from  Equation  4.8  and  the 
input  Green's  functions,  G,  back  into  Equation  4,5  to  produce 
calculated  seismograms. 

4.9  Uc  «=  G  (g“:Uc) 

These  calculated  seismograms,  Uc  ,  are  then  compared  to  the 
input  seismograms,  U0  >  by  measuring  the  correlation 
coefficient.  h  correlation  coefficient  equal  to  1.0  is  a 
perfect  fit. 

Tie  accuracy  of  the  moment  tensor  calculation  is 
measured  as  a  function  of  the  variance  of  the  data,  Uj,  as 
follows 

(4.10)  vdi  (M,)  »  X  (Gy*"1)'  var  (Uj) 

-  ] 

(Stump  1979,  equation  4.5). 

The  above  three  tools  of  error  analysis:  condition 
numbers,  time  domain  fit  and  frequency  domain  variance,  will 
be  discussed  as  they  apply  to  inversions  in  Section  4.C.  and 
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4.D.  Condition  numbers  and  variances  quantify  the  resolution 
of  the  moment  tensors.  Correlation  coefficients  quantify  the 
degree  of  fit  in  the  time  domain. 

C.  Source  Inversions  with  Synthetic  Data 

Eight  trials  with  synthetic  data  were  completed  to 
demonstrate  the  feasibility  of  source  inversions  with  the 
CART  observational  data  described  in  Chapter  2.  This  has 
been  accomplished  by  simulating  the  ranges,  azimuths  and 
noise  conditions  of  the  observational  data.  The  trials  were 
designed  to  test  the  effects  of  signal  to  noise  ratio  (SNR) , 
station  distribution  and  the  Green's  functions  on  the 
inversions.  Trial  inversions  suggest  the  CART  data  set  meets 
conditions  necessary  to  invert  real  data  for  source 
characteristics  when  the  interpretations  are  limited  to  the 
frequency  band  between  1.5  and  60  Hz.  Analysis  of  the  data 
in  Section  2. A. 2  suggests  a  frequency  band  between  of  useable 
data  between  3,0  and  60  Hz.  The  combination  of  these 
limitations  results  in  a  frequency  band  of  3  -  50  Hz  for 
interpretation . 

The  data  qualities  include  good  SNR,  good  station 
distribution  and  a  thorough  site  characterization  which 
improves  accuracy  of  the  Green's  functions.  Additionally  the 
synthetic  tests  emphasize  the  importance  in  calculating  the 
correct  Green's  functions  for  reducing  trade-offs  between 
source  and  path  functions. 
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The  eight  synthetic  trials  are  listed  in  table  8.  The 
first  3  trials  investigate  noise  effects,  the  next 
illustrates  the  effects  of  using  the  incorrect  Green's 
function  and  the  last  4  investigate  the  influence  of  station 
distribution . 

1.  Synthetic  Inversions  Input:  US=MG 

The  synthetic  seismograms  were  calculated  according  to 
Equation  4.5  using  the  Mueller-Murphy  source  for  a  5  lb . 
explosion  at  a  normal  scaled  depth  of  122  m/kt1/3.  The  Basic 
source  model  was  discussed  in  Section  3.B.1,  listed  in  table 
5  and  plotted  in  Figure  3.4.  The  plot  in  Figure  3.4  is  the 
time  derivative  of  the  reduced  displacement  potential,  also 
called  reduced  velocity  potential  (RVP),  with  units  of  m3/s. 
Equation  1.6  was  used  to  convert  the  RVP  in  Figure  3.4  to 
seismic  moment  rate. 

The  moment  rate  tensor  of  the  Basic  source  is  plotted  in 
Figure  4.1a.  Since  this  is  a  purely  explosion  source,  M'n  = 
M '  22  =  M ' 33  =  M '  iso •  The  off-diagonal  components  are  zero 
(M ' i2  -  M '  13  =  M 1 2 3  =  0)  and  the  deviatoric  moment  is  zero. 

The  moment  rate  peak  of  the  diagonal  components  is  equal  to 
3.485  X  1016  dyne-cm/s.  The  integral  of  the  moment  rate  is 
the  moment  tensor  plotted  in  Figure  4.1b. 

The  spectrum  in  Figure  4.1c  is  the  M'n  component  which 
is  the  RVP  of  Figure  3.4  with  a  different  scale.  The  zero- 
frequency  or  long-period  level  (LPL)  of  the  isotropic  moment 
is  equal  to  1.119  X  1013  dyne-cm  as  shown  in  4.1c. 
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TRIAL  NAME 

1.  115BIC1N00 

2.  U5BIC1N1 

3.  115BIC1N10 

4.  366BIC1X 

5.  G AMMAN 1 

6.  ALP HAN 1 

7.  0 MEGAN 1 
S.  C3N1 


TABLE  8 

SOURCE  INVERSIONS  WITH  SYNTHETIC  DATA 


Stations 

Ranges 

Channels 

%Noi 

A-G 

13.5-40.6 

21 

0 

A-G 

13.5-40. 6 

21 

1 

A-G 

13 . 5-40 . 6 

21 

10 

A-G 

13.5-40.6 

21 

1 

A-E 

13.5,  27.0 

15 

1 

a. 

A,  B ,  C 
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Figure  4.1  Basic  source.  (a)  moment  rate  ( b )  moment  (c) 
amplitude  spectrum  ol  M  1  n  .  Time  domain  plots  are  scaled  to 
the  maximum  shown  by  vertical  bar.  LPL  of  M'n  ~  1.119  X  1015 
dyne -cm . 


A  sample  of  the  path  functions  utilized  in  the  trial 
inversions  are  represented  by  the  10  canonical  Green's 
functions  illustrated  in  Figure  4.2a.  These  functions  are 
the  responses  at  the  27.0  m  range  of  an  elastic  half-space  to 
four  source  types:  Strike-Slip  fault  observed  across  a 
vertical  plane  (R,T,Z);  Dip-slip  fault  observed  across  a 
vertical  plane  (R,T,Z);  Compensated  Linear  vector  dipole 
(CLVD)  observed  in  a  horizontal  plane  (R, Z);  and  the 
explosion (R, Z)  (Stump  1979). 

The  synthetic  velocity  seismograms  used  in  this  section 
result  from  the  convolution  of  the  moment  tensor  in  Figure 
4.1a  with  the  explosion  Green's  functions  for  the  slow  half¬ 
space  model  (HS115)  in  Figure  4.2a  according  to  Equation  4.5. 
These  synthetics  were  presented  in  Figure  3.5  and  compared  to 
the  fast  half-space  synthetics,  HS366,  and  to  the  Layered 
half-space  synthetics  in  Section  3.C.2. 

2.  Noise  Tests 

Three  noise  tests  were  designed  to  study  the  sensitivity 
of  the  inversions  to  noise  in  the  input  velocity  seismograms. 
The  CART  1  configuration,  shown  in  Figure  2.2,  consists  of 
seven  stations  with  good  azimutha]  coverage  (seven  different 
azimuths)  and  good  range  coverage  (3  ranges:  13.5,  27.0,  and 
40.6  m)  for  a  total  of  21  components.  Noise  tests  were 
completed  with  0%,  1%  and  10%  noise.  As  an  example  of  the 
naming  convention  used  for  these  trials,  115BIC1N0O  indicates 
the  HS115  path  functions  with  the  Basic  source  including  the 
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CANONICAL  GREEN’S  FUNCTIONS:  HS115  27.0  METERS 

SS  DS  CLVD  EXPL 


CANONICAL  GREEN'S  FUNCTIONS:  HS366  27.0  METERS 

SS  DS  CLVD  EXPL 


<b) 


Figure  4.2.  The  ten  canonical  Green's  fucntions  for  strike 
slip  (SS),  dip  slip  (DS),  compensated  linear  vector  dipole 
(CLVD)  and  explosion  (EXPL)  sources  calculated  for  the  2  .0 
range  in  (a)  slow  half-space  model  and  (b)  the  fast 
half-space  model.  Model  parameters  are  listed  in  table  b. 
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instrument  in  a  CART  1  configuration  with  0  %  noise.  The 
time  domain  peaks  of  the  source  time  functions  resulting  from 
synthetic  noise  trials  are  listed  in  table  9. 

The  results  of  trial  inversion  115BIC1N00  are  given  in 
Figure  4.3.  The  moment  rate  tensor  and  its  integral,  the 
moment  tensor,  are  shown  in  4.3a  and  4.3b.  The  moduli  of  the 
M'n  and  M'12  elements  are  plotted  in  Figure  4.3c. 

The  moment  rate  tensor  has  been  separated  into  its 
isotropic  and  deviatoric  components  below  according  to 
Equations  1.8  and  1.9 


4.11 


Miso 


3.32  X  1016 


1.0  0  0 
1.0  0 
1 . 0 


dyne-cm/s 


4.12 


Dj  j  =  5.4  X  10’ 3 


1.0 


.17  .83 

1.37  .10 

-2 . 37 


dyne-cm/s 


The  isotropic  moment  rate  peak  is  4.6%  smaller  than  the  input 
source  amplitude  of  3.485  X  101Cl  dyne-cm/s.  The  inversion 
results  exhibit  spherical  symmetry.  The  diagonal  components 
vary  from  the  isotropic  estimate  at  most  by  0.4%.  The 
isotropic  moment  rate  is  much  larger  than  the  deviatoric 
moment  rate  (3.32  X  1016  /  5.4  X  1013  =  615)  .  The  LPL  of  the 
M'll  amplitude  spectrum  of  1.0  X  1015  dyne-cm  matches  closely 
the  LPL  of  the  input,  1.119  X  1013  dyne-cm. 

The  second  trial,  115B1C1H1,  includes  white  noise  that 
is  1  %  of  the  peak  vertical  amplitude  at  the  27.0  m  range  in 
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TABLE  9 

PEAK  TIME  DOMAIN  AMPLITUDES  FROM 
SYNTHETIC  SOURCE  INVERSIONS 


MOMENT  RATE  (  dyne-cm/s  X  1016  ) 


TRIAL  NAME 

M'n 

M  1 12 

M '  1 3 

M '  22 

M  1  2  3 

M '  33 

M  '  1  SO 

115BIC1N00 

3.328 

.0007076 

.003394 

3.330 

.  0004466 

3.310 

3.32  4 

1 1 5BIC1N1 

3.338 

.0005518 

.003412 

3.342 

.  001598 

3.322 

3.334 

1 1 5BIC1N1 0 

3.582 

.  006268 

.009900 

3.578 

.  008172 

3.618 

3.592 

366BIC1X 

4  .  326 

.2402 

1.035 

4 .192 

.7170 

9.958 

6.156 

G AMMAN 1 

3.330 

.  002126 

.  003842 

3.330 

.  001140 

3.306 

3.322 

ALPHAN1 

3.428 

.0006358 

.002084 

3.428 

.  001011 

3.426 

3.426 

OMEGAK1 

3.294 

. 002242 

.01482 

3.292 

. 02564 

3.276 

3 .288 

C3N1 

3.206 

.002006 

.02060 

3.224 

.  04842 

3.148 

3.192 

MOM  El -IT  (  ayne-cm 

TRIAL  NAME  Mu 

X  1014 

Mi  2 

) 

Ml  3 

M22 

M2  3 

M-33 

V- 

*  ..  OW 

115BIC1N00 

9.552 

. 012206 

.06058 

9.564 

.007174 

9.428 

9.514 

1 1 5BIC1N1 

9.620 

.007530 

.05728 

9.634 

.015060 

9.500 

9.584 

1 1 5BIC1N1 0 

11.480 

. 074400 

.09686 

11.450 

. 074560 

11  .  720 

11 . 550 

366BIC1X 

23.300 

. 865000 

4 . 50000 

21  .  920 

2.202000 

36.740 

27.240 

GAMMAN1 

9.592 

. 037040 

. 06796 

9.602 

. 018420 

9.432 

9 . 542 

ALP HAN 1 

10 . 120 

.011040 

.  03306 

10.130 

.009996 

10.070 

10.110 

OMEGAN1 

8 .  y8i 

.016290 

.12860 

8 . 964 

.255400 

8.896 

8.946 

C3N1 

8 . 841 

.032560 

.24120 

8.928 

. 932400 

8 .478 

8 . 750 
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the  synthetic  seismograms.  The  results  are  shown  in  Figure 

4.4.  A  comparison  of  Figure  4.4  with  4.3  shows  that  the 
inversion  was  not  greatly  affected  by  the  addition  of  this 
noise.  The  peak  time  domain  amplitude  of  the  M'jsq  element  is 
3.334  X  1016  dyne-cm/s.  This  peak,  value  is  4.3%  smaller  than 
the  input  source  peak.  The  moment  rate  tensor  exhibits 
spherical  symmetry;  M'n  and  M'22  are  within  1%  of  M*33  and 
the  isotropic  amplitude  is  833  times  larger  than  the 
deviatoric  amplitude  when  the  moment  rate  tensor  is  separated 
into  its  respective  components. 

The  dashed  curves  in  Figure  4.4c  are  the  variances  of 
the  moment  components  as  a  function  of  frequency  computed 
from  the  level  of  the  white  noise  added  to  the  synthetic 
seismograms  (Stump,  1979).  The  standard  deviation  is  200 
times  smaller  than  the  modulus  of  K ' 1 1  at  8  Hz  and  at  least  5 
times  smaller  between  1.5  and  50  Hz.  LPL  measured  from  H'n 
is  1.0  X  101S  dyne-era.  Compare  this  to  the  input  LPL  of  1.119 
X  lO1^  dyne-cm. 

In  the  third  noise  test,  115B1C1N10,  a  similar  trial 
inversion  was  completed  with  a  noise  level  equal  to  10%  of 
the  peak  vertical  amplitude  at  27.0  m.  As  shown  in  Figure 

4.5,  the  source  was  successfully  modeled  with  the  exception 
of  long-period  and  short-period  noise  in  the  inverted  source 
time  function.  The  peak  time  domain  amplitude  of  the  M ' x so 
element  is  3.592  X  10]&  dyne-cm/s.  This  value  represents  a  3V 
increase  over  the  input  value. 
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Again  the  moment  rate  tensor  exhibits  spherical  symmetry. 

The  peaks  of  M'n  and  Ii'22  are  within  1%  of  M'33.  The 
isotropic  moment  rate  is  336  times  larger  than  the  deviatoric 
moment  rate  when  separated  into  its  respective  components. 

The  variance  curves  in  Figure  4.5c  suggest  the  frequency 
band  of  the  interpretable  source  function  is  more  limited 
than  the  case  of  1  %  noise.  The  calculated  M'n  modulus  is  20 
times  larger  than  the  variance  at  8  Hz  and  is  at  least  5 
times  larger  only  between  4  and  15  Hz.  However,  as 
demonstrated  in  Section  3.B.1  one  of  the  salient 
characteristics  of  the  source  is  long-period  level  of  the 
isotropic  source  function.  Even  with  this  limited  frequency 
band,  one  would  still  be  able  to  quantify  the  source  function 
in  terms  of  LPL  by  projecting  the  LPL  between  4-15  Hz  to  the 
vertical  axis.  The  LPL  of  14 1  ^  2  i  ti  figure  4.5c  i-  1.1  X  ..  0 '  i 
dyne -cm/ s . 

Table  5  lists  peak  time  domain  moment  estimates  of  the 
six  moment  rate  and  the  six  moment  components.  The 
conclusion  drawn  from,  the  nrd.se  tests  is  that  although  noise 
as  little  as  1  'i  limits  the  frequency  band  of  the 
interpretable  source  function  to  1.5  -  50  Hz,  the  LPL  oi  the 
inverted  source  function  can  still  be  quantified.  Even  for 
the  case  of  10  i  noise  this  characteristic  of  the  source  is 
stable.  The  addition  of  noise  does  decrease  the  spherical 
symmetry  of  the  inversions  slightly  by  increasing  the 
deviatoric  relative  to  the  isotropic  com.]. orient  .  Witn  01 


MOMENT  RATE  2X10  “22 
(dyne-cm) 
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Figure  4.5.  Synthetic  inversion  115BIC1N10.  White-  noj  ,<;e 
equal  to  101  of  the  peak  velocity  at  27  meters  was  added  to 
the  synthetics  before  inverting  for  (a) moment  rate  (b) moment 
(c) amplitude  spectra.  Refer  to  Figure  4,]  foi  labels. 
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Again  the  moment  rate  tensor  exhibits  spherical 
symmetry.  The  peaks  of  M'n  and  M'22  are  within  1%  of  M'33. 

The  isotropic  moment  rate  is  336  times  larger  than  the 
deviatoric  moment  rate  when  separated  into  its  respective 
component  s . 

The  variance  curves  in  Figure  4.5c  suggest  the  frequency 
band  of  the  interpretable  source  function  is  more  limited 
than  the  case  of  1  %  noise.  The  calculated  M'u  modulus  is  30 
times  larger  than  the  variance  at  8  Hz  and  is  at  least  5 
times  larger  only  between  4  and  15  Hz.  However,  as 
demonstrated  in  Section  3.B.1  one  of  the  salient 
characteristics  of  the  source  is  long-period  level  of  the 
isotropic  source  function.  Even  with  this  limited  frequency 
band,  one  would  still  be  able  to  quantify  the  source  function 
in  terms  of  LP1.  by  projecting  the  LI’L  between  4-15  Hz  to  the 
vertical  axis.  The  LIT.  of  K'u  in  Figure  4.5c  is  1.1  X  105l> 
dyne-cm/s , 

Table  9  lists  peak  time  domain  moment  estimates  of  th<- 
six  moment  rate  and  the  six  moment  components.  The 
conclusion  drawn  from  the  noise  tests  in  that  although  rioi.se 
as  little  as  1  t  limits  the  frequency  band  of  the 
interpretable  source  function  to  1.5  -  5b  Hz,  the  Li  L  of  the 
inverted  source  function  can  still  be  quantified.  Even  f  or 
the  case  of  101  noise  this  characteristic  of  the  source  is 
stable.  The  addition  of  noise  does  decrease  the  spherical 
symmetry  of  the  inversions  slightly  by  increasing  the 
deviatoric  relative  to  th‘-  isotropic  component  .  Wi'n  (/ 
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added  noise,  the  ratio  was  615.  The  ratio  decreases  to  336 
for  10  %  noise. 

As  reported  in  Chapter  2,  the  noise  level  of  the 
observational  data  is  below  1%  so  that  successful  source 
inversions  using  the  CART  data  set  are  possible.  Through 
synthetic  testing  the  sensitivity  of  the  inversion  method  to 
noise  in  the  input  seismograms  was  demonstrated.  However, 
these  tests  were  completed  only  for  random  white  noise.  If 
the  actual  noise  is  polarized  or  otherwise  non  random  then 
the  same  reliability  in  the  data  may  not  be  assumable. 

3,  Example  of  Source-Path  Trade-offs 

One  synthetic  trial  was  run  as  an  example  of  source-path 
trade-offs.  The  same  synthetic  seismograms  were  input  as  for 
the  1%  noise  tests  but',  this  time  the  wrong  Green's  functions 
were  input.  The  Green's  functions  used  in  this  test  are 
those  of  the  fast  half-space  model,  HS366  (table  6).  Figure 
4.2  illustrates  the  differences  between  the  two  sets  of 
Green's  functions  at  the  27  meter  range. 

Figure  4.6  compares  HCJ3  5  synthetic  velocity  at  27 
meters  with  the  two  different  sets  of  explosion  Green ’ s 
functions.  Radial  synthetics  and  Green's  functions  are 
plotted  on  the  left  and  vertical  on  the  right  of  the  figure. 

On  the  left  in  1-igc  re  4 ,  Ca  the  radial  HS115  Green's  function 
is  plotted  below  the  radial  HS115  synthetic.  Or:  the  left  on 
Figure  4.0b  Urn-  radial  HC3C6  Green's  function  is  plotted 
below  U.<-  radial  110116  synthetic.  .Similar  comparisons  with 
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Figure  4.6  The  HS115  radial  and  vertical  velocity  synthetics 
at  the  27.0  meter  range  compared  to  the  27.0  meter  Green's 
functions  of  the  two  HS  models.  Arrows  point  to  the  surface 
wave  arrivals. 


vertical  synthetic  and  Green's  functions  are  made  on  the 
right  of  the  figure.  The  surface  waves  in  the  Green's 
functions  are  indicated  by  the  arrows.  Figure  4.6b 
illustrates  how  Green's  functions  with  too  fast  a  shear 
velocity  fail  to  match  the  synthetic  velocity.  The 
separation  between  the  body  and  surface  waves  in  the  Green's 
functions  does  not  match  that  of  the  velocity  records. 

The  results  of  the  366BIC1X  inversions  are  given  in 
Figure  4.7.  The  source  and  path  have  traded  off  to 
compensate  for  the  lack  of  late  surface  wave  arrival  in  the 
Green's  function  as  shown  in  Figure  4.6.  The  result  is  a 
delayed  time  pulse  in  the  diagonal  moment  tensor  that  is 
largest  on  the  M'33  component.  M'33  is  56%  larger  than  the 
M'n  and  tne  M'22  components. 

The  moment  rate  tensor  is  separated  into  its  isotropic 
and  deviatoric  components  below. 
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The  moment  tensor  is  no  longer  spherically  symmetric; 

The  isotropic  amplitude  is  only  3.42  times  larger  than  the 
deviatoric  moment  rate  amplitude.  Recall  that  this  ratio  was 
833  when  the  correct  Green's  functions  were  used  in  inversion 
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Figure  4.7.  Synthetic  inversion  366BIC1X.  Same  synthetic 
velocities  went  into  the  inversion  but  the  HS3C6  Green's 
functions  were  substituted  for  the  HS115  Green's  functions 
(a) moment  rate  (b) moment  (c) amplitude  speetta.  Refer  to 
Figure  4.1  for  labels. 
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HS115BIC1N1.  The  deviatoric  elements  have  increased  in 
strength  relative  to  the  isotropic  element. 

The  frequency  spectra  of  M'n  and  M'12  shown  in  Figure 
4.7c  are  different  from  the  115BIC1N1  spectra  in  several 
ways.  The  moment  estimate  is  5  times  larger  than  the 
variance  between  2  -  20  Hz  whereas  it  was  5  times  larger  than 
the  variance  between  1.5  -  50  Hz  for  the  115BIC1N1  inversion. 
The  M'n  LPL  is  4  X  1015  dyne-cm.  This  is  4  times  larger  than 
the  LPL  of  the  input  source  shown  in  Figure  4.1. 

This  example  illustrates  the  source-path  trade-offs.  In 
an  attempt  to  match  the  observations,  even  when  the  wrong 
Green's  functions  are  specified,  the  inversion  results  in 
errors  in  the  source.  In  this  case  source  errors  showed  up 
as  an  increase  on  the  M'33  components  and  an  increase  in  LPL 
by  a  factor  of  4 . 


4  Station  Distribution  Tests 
Four  station  distribution  trials  were  completed  to  show 
the  sensitivity  of  inversions  to  limitations  in  the  ranges, 
azimuths  and  number  of  components  in  the  data  set.  The 
following  four  tests  were  run  with  a  white  noise  level  in 
the  synthetics  velocities,  GAMMAN1  includes  only  the  13.5 
and  27.0  meter  ranges  (5  stations) ,  ALPHAH1  was  limited  to 
only  the  13.5  meter  ranges  (3  stations)  .  OMEGAN1  was  limiited 
to  two  stations:  one  at  13.5  and  one  at  27.0  meters.  Trial 
es  the  linear  C7\P,T 3  configuration.  For 


C3D10  replicat 


116 

comparison  to  trial  inversion  115BIC1N1,  only  stations  at 
13.5,  27.0  and  40.6  m  were  included. 

The  results  are  shown  in  table  9  in  the  form  of  the  time 
domain  peak  amplitudes  of  the  moment  rate  and  moment 
estimates.  G AMMAN 1  moments  are  approximately  equal  to 
115BIC1N1  moments  in  time  domain  amplitude  and  symmetry. 

ALP HAN 1  moments  are  larger  than  115BIC1N1  by  3%.  OMEGAN1 , 
with  only  2  stations  has  diagonal  moment  rate  components 
within  1%  of  each  other.  In  terms  of  time  domain  amplitudes 
and  effect  on  symmetry,  the  trial  inversions  shown  above  do 
not  show  sensitivities  to  station  distribution. 

5.  Condition  Numbers 

Condition  numbers  are  a  measure  of  how  sensitive  the 
inversion  procedure  is  in  the  presence  of  noise  in  the  data. 
Inversions  with  good  station  distribution  are  less  sensitive 
to  noise.  Condition  numbers  are  obtained  by  taking  the  ratio 
of  the  largest  to  the  smallest  eigenvalue  as  discussed  in 
Section  4.B.  Condition  number  as  a  function  of  frequency  for 
the  above  5  trial  inversions  plus  the  115BIC1N00  inversion 
are  plotted  in  Figure  4.8.  115BIC1N10  and  115BIC1N1  have  the 

stne  condition  numbers  as  115BIC1N00.  This  means  that  for 
the  CART  1  station  distribution  (denoted  Cl  in  the  synthetic 
trial  names) ,  the  inversion  is  just  as  sensitive  to  i%  noise 
as  it  is  10%  noise. 

The  condition  numbers  of  inversions  115BIC1N00,  C3N1, 
GAMMAN1  and  ALPHA  are  similar.  These  trials  have  minima 


CONDITION  NUMBER 


FREQUENCY  (Hz) 


Figure  4.8.  Condition  numbers  versus  frequency  for  6 
synthetic  inversions. 
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between  2  -  8  Hz  where  the  average  condition  number  is  50. 
Between  1.5  and  50  Hz  the  condition  numbers  are  below  300. 

ALP  HAN  1  has  a  peak  of  5200  at.  25  Hz  corresponding  to  a 
spectral  hole  in  the  Green's  functions.  The  spectral  hole 
results  when  Green's  functions  are  all  calculated  for  the 
same  distance  from  the  source.  OMEGAN1  condition  numbers  are 
larger  because  only  two  stations  are  used.  The  average 
condition  number  of  OMEGANl  is  1500.  In  general  the  trial 
inversions  with  the  fewest  stations  have  the  largest 
condition  numbers. 

The  condition  numbers  associated  with  inversion  366BIC1X 
have  an  average  value  of  10,  which  is  10  times  smaller  than 
all  other  tests.  This  result  suggests  that  the  velocity  of 
the  test  medium  could  affect  the  ability  to  l^solve  source 
characteristics  such  as  size  of  source  excitation.  This 
observation  can  be  explained  by  the  peak  time  domain 
amplitudes  of  the  Green's  functions.  Two  sets  of  Green’s 
functions  calculated  at  the  27  meter  range  are  plotted  in 
Figure  4.2  with  the  peak  amplitudes  at  the  right  of  each 
trace.  Fox  the  fast  half-space  model,  the  amplitudes  of  the 
10  Green's  functions  are  of  the  same  order  of  magnitude.  In 
contrast  the  Green's  functions  corresponding  to  the  slow 
half-space  model  have  amplitudes  that  are  400  times  larger  on 
the  transverse  component  of  the  CLVD  source  than  the  radial 
and  vertical  components  of  the  EXPL  source. 

This  imbalance  in  amplitudes  is  related  to  Poisson's 
ratio.  The  HS366  model  has  a  Poisson's  ratio  of  .29  arid  the 
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HS115  model  has  a  Poisson's  ratio  of  .45.  Based  on 
information  in  table  6,  the  Poisson's  ratio  of  .45  is 
believed  to  be  more  correct  for  the  McCormick  Ranch  Site. 

6.  Time  Domain  Fits 

Equation  4.9  was  used  to  obtain  a  calculated  velocity 
from  the  input  Green's  functions  and  the  inverted  source. 

The  correlation  coefficients  measuring  the  degree  of  fit 
between  the  input  (synthetic)  velocity  and  the  calculated 
velocity  are  given  in  table  10  for  all  synthetic  trials. 
Inversion  115BIC1N00  has  a  correlation  coefficient  above  .9 
for  all  radial  (R)  and  vertical  (Z)  components  and  a  value  of 
0  for  all  transverse  (T)  Components.  As  the  noise  increases, 
the  R  and  Z  correlation  coefficients  reduce  slightly.  The  T 
correlation  coefficients  increase  to  .18  -  .69. 

As  a  visual  example,  the  fit  for  115BIC1N10  is  shown  in 
Figure  4.9.  Input  (synthetic)  velocity  is  plotted  above 
calculated  velocity  for  each  component  at  the  3  different 
ranges.  The  fits  are  almost  perfect  for  the  R  and  Z 
components.  The  pure  noise  in  T  is  not  modeled  very  well 
which  is  a  good  result. 

Inversion  366BIC1X  with  the  Green's  functions  that  were 
too  fast  shows  smaller  correlation  coefficients  in  table  10. 
The  fits  are  correspondingly  degraded  as  shown  in  figure 
4.10.  The  fits  of  the  transverse  components  are  most 
noticeable  because  the  inversion  erroneously  put  signal  on 
the  transverse  velocities.  This  result  showed  up  in  the 
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TABLE  10 

CORRELATION  COEFFICIENTS  FOR 
SYNTHETIC  SOURCE  INVERSIONS 


RANGE  (m) 

13.5 

13 . 5 

13 . 5 

27.0 

27.0 

40.6 

40 . 6 

AZIMUTH 

90 

270 

0 

180 

35 

215 

325 

TRIAL  NAME 

115BIC1N00 

.9973 

.9950 

.  9952 

.  9991 

.9997 

.9877 

.9946 

(Ft) 

.  0000 

.  0000 

.0000 

.  0000 

.  0000 

,  0000 

.0000 

(T) 

.  94  54 

.  9471 

.9472 

.  9864 

.  9864 

.9999 

.9999 

(Z) 

115BIC1N1 

.9973 

.  9949 

.9952 

.  9988 

.  9994 

.9866 

.  9940 

'Ft) 

.1891 

.4288 

.3716 

.  4641 

.  5165 

.6415 

.  6956 

(T) 

.  94  57 

.  9466 

.  9473 

.  9860 

.  9866 

.  9998 

.9997 

(Z) 

115BIC1N10 

.  9929 

.  9896 

.  9891 

.  9778 

.  9811 

.9271 

.  9326 

(Ft) 

.  3446 

.  2196 

.  3758 

.4613 

.2834 

.  6767 

.7513 

(T) 

.  9397 

.  9443 

.  9391 

.  9750 

.  9755 

.9828 

.9819 

( Z ) 

366BIC1X 

.9030 

.  8193 

.  9260 

.  5561 

.  5124 

.4579 

.4  107 

<R) 

.1250 

-.0504 

.0108 

.  0685 

.1726 

.  1  34  9 

.0393 

O  ) 

.  8373 

.  7334 

.  0558 

.2327 

.  1552 

.  8447 

.8509 

(Z) 

G AMMAN  1 

.  9991 

.  9993 

.9960 

.  9991 

.9980 

(Ft) 

.0950 

-.1428 

.  0703 

.3418 

.  9374 

(T) 

.  9910 

.  9905 

.9675 

.9555 

.9891 

(Z) 

ALPHAN1 

1  .  0000 

1 . 0000 

1 . 0000 

(F.) 

.  6993 

.7341 

.  5992 

(T) 

1  .  0000 

1 . 0000 

1 . 0000 

(Z) 

OMEGAN1 

1  .  0000 

1 . 0000 

(F<) 

.  9993 

1 . 0000 

(T) 

1  .  0000 

1  .  0000 

(Z) 

C3N1 

1 .  0000 

.  9946 

.9856 

(Ft) 

.  8615 

.  5753 

.9122 

(T) 

.  9992 

.  9782 

.  9994 

(Z) 
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Figure  4.9.  Synthetic  inversion  115BIC1N10.  Comparisons  are 
made  at  three  ranges  for  radial  (R) ,  transverse  (T)  and 
vertical  (2)  components.  In  each  pair,  the  top  trace  is  the 
input  velocity  record  and  the  bottom  trace  is  the  calculated 
velocity  record.  .64  seconds  of  data  are  plotted. 
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Figure  4.10.  Synthetic  inversion  366BIC1X.  Comparisons  are 
made  at  three  ranges  for  radial  (R) ,  transverse  (T)  and 
vertical  (Z)  components.  Tn  each  pair,  the  top  trace  is  the 
input  velocity  record  and  the  bottom  trace  is  the  calculated 
velocity  record.  .64  seconds  of  data  are  plotted. 
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27.0  m  40.6  m 


TIME  (  s  ) 


Figure  4.11.  Synthetic  inversion  OMEGAN1.  Comparisons  are 
made  at  only  the  two  ranges  for  radial  for  which  data  was 
input:  13.5  and  27  meters.  Radial  (P.)  ,  transverse  (T)  and 
vertical  (Z)  components.  In  each  pair,  the  tup  trace  is  the 
input  velocity  record  and  the  bottom  trace  is  the  calculated 
velocity  record.  .64  seconds  of  data  are  plotted. 
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larger  off-diagonal  components  in  the  moment  tensors  relative 
to  the  noise  trails. 

The  correlation  coefficients  for  the  station 
distribution  tests  are  similar  to  those  of  the  noise  tests. 
The  difference  here  is  that  with  fewer  stations,  the  noise  i  r. 
the  transverse  is  modeled  because  there  are  not  enough 
stations  to  distinguish  noise  from  signal.  For  exaiple, 
0MEGAN1  has  almost  perfect  correlation  coefficients  on  all 
six  components.  Figure  4.11  shows  how  the  noise  on  the 
transverse  components  was  modeled. 


Table  11  gives  the  peak  time  domain  amplitudes  oi  the 
source  .inversions  with  the  CAP.T1  observational  velocity 
records.  .Similar  analyses  to  the  ones  completed  for  the 
synthetic  trials  will  describe  those  inversions .  Here  the 
input  is  actual  observed  velocity  waveforms.  In  Section 
4.D.1  the  results  of  inversions  utilizing  half -space  Gi eon's 
functions  are  given.  Section  4.D.2  describes  the  inversion 
utilizing  layered  ha J l -space  Green's  functions,  condition 
nuriiLers  are  discussed  in  Section  4  A> .  3  arid  correlation 


coefficients  arid  fits  are  discussed  in  Section  4,\>.  4, 


1.  Hoi f space  Inversions 

This  section  describes  the  results  oi  inversions  using 
the  C/w'.'i  ]  observational  velocity  seismograms  arid  half  space 
Green's  i  unot.  i  on:, .  Two  hail  space  inversions  w<-j"  nm. 


On 1  ■ 
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TABLE  11 

PEAK  TIME  DOMAIN  AMPLITUDES  FROM 
CART  OBSERVATIONAL  SOURCE  INVERSIONS 


MOMENT 

RATE  (  dyne 

-cm/s  X 

1016  ) 

TRIAL 

NAME  M  ’  1 1 

M’12.._ 

M'i3 

M '  22 

M '  23 

M’33 

M  '  ISC 

1150 

5.086 

. 00616G 

.03768 

5.062 

.0433 

4.936 

5.030 

3660 

13.64 

, 45160 

1.869 

13.60 

.7020 

35.56 

20.90 

C1F 

3.302 

.2254 

.7868 

3.492 

.4632 

5.912 

4.155 

OH 

1  .  659 

.4189 

1.208 

2.210 

.7223 

3.154 

1.7C5 

ON 

2.515 

.3103 

.  5248 

2 . 596 

.4600 

3.427 

2.769 

CIO 

.  9724 

.  3260 

.0789 

1.134 

.  0412 

.7122 

.8019 

ON 

8 . 665 

.1403 

.  4585 

8.340 

4.039 

18.03 

11.64 

C3N 

3.250 

.  4354 

2.671 

7.227 

.  5965 

7 . 305 

4 . 871 

MOMENT 

(  dyne-cm 

X  1014  ) 

TRIAL 

NAME  Mi  i 

Ml  2 

Ml  3 

M22 

M2  3 

M33 

Ml  SO 

1150 

11 . 9B 

.  04672 

.  5132 

11.81 

.2492 

14.49 

12.76 

3660 

121.6 

.8632 

23.68 

110.9 

4.184 

31  0. 4 

180.9 

C1F 

9.787 

1.587 

2.935 

10.16 

1.160 

16.93 

12.23 

cm 

7.226 

1,763 

1.032 

5.799 

1.449 

8.253 

6.611 

C1N 

9.337 

4.756 

3.063 

9.380 

3.130 

11.68 

16.13 

CIO 

5. 561 

4  ..554 

.4050 

4,769 

.  3540 

3.078 

3.463 

ON 

3  3.65 

2.562 

.  0579 

32.36 

1.933 

71.35 

45.75 

C3N 

7.207 

2.014 

6.635 

13.71 

3.876 

17.08 

10.91 
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with  the  slow  HS  Green's  functions,  HS115,  and  the  other  with 
the  fast  HS  Green's  functions,  HS366.  The  HS115  Green's 
functions  were  used  for  the  majority  of  the  synthetic  data 
inversions  in  the  previous  section.  When  comparing  the  real 
data  inversions  of  this  section  with  the  synthetic  data 
inversions  cf  the  previous  section  note  there  is  a  difference 
in  the  number  of  points  calculated  in  the  frequency  domain. 
The  observational  data  inversions  have  256  time  points  (1.28 
seconds)  and  128  frequency  points.  The  synthetic  data 
inversion  have  128  time  points  (.64  seconds)  and  64  points  in 
the  frequency  spectra. 

The  results  of  the  HS115  inversion  are  shown  in  Figure 
4.12.  The  moment  rate  tensor  and  its  integral,  the  moment 
tensor  are  shown  in  4.12a  and  4.12b  with  the  modulus  of  the 
M'n  and  M'i2  elements  shown  in  4.12c.  Refer  to  Figure  4.1 
for  labels  of  the  moment  tensor  elements.  1.28  seconds  cf 
data  are  plotted  in  the  moment  rate  and  moment  time  series. 

The  dashed  curves  in  4.12  are  the  variances  as  discussed 
in  Section  4.C.2.  The  standard  deviation  is  5  times  lower 
than  the  moment  rate  estimate  between  4  and  40  Hz.  A  similar 
measurement  from  the  synthetic  inversion  with  1  %  noise 
limited  the  frequency  band  of  interpretable  data  to  1.5  -  50 
Hz.  Based  on  these  variance  estimates  there  are  less  high 
frequencies  available  for  interpretation  than  predicted  by 
the  synthetic  models. 

The  LPL  of  the  M'n  component  in  Figure  4.12c  is  1.4  X 
10]:;i  dyne-cm  compared  to  1.0  X  1015  dyne-cm  for  synthetic 


FREQUENCY  (Hz) 


Figure  4.12,  Observational  inversion  1150  using  CART  1 
input  velocity  and  HS115  Green's  functions  (a)moment  rate 
(b) moment  (c) amplitude  spectra.  Refer  to  Figure  4.1  for 
labels . 
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inversion  115BIC1N1.  The  similarity  of  these  two  inversions 
confirms  the  accuracy  of  the  peaks  predicted  by  the  forward 
velocity  models  in  Chapter  3.  With  similar  observations  and 
same  Green's  functions,  the  moment  is  similar. 

Time  domain  comparisons  from  table  11  show  spherical  symmetry 
in  the  source  when  the  HS115  Green's  functions  are  used.  The 
M'n  and  M ' 22  peaks  are  within  3%  of  each  other  and  the  off 
diagonal  components  have  amplitudes  of  less  than  1%  of  the 
isotropic  amplitude.  Similarly  the  synthetic  inversion  with 
HS115  Green's  functions  resulted  in  off  diagonal  components 
with  peaks  of  only  .1%  of  the  isotropic  component. 

The  Results  of  the  HS366  inversion  are  shown  in  figure 
4.13.  The  moment  rate  estimates  in  figure  4.13c  are  5  times 
larger  than  the  variance  between  4  and  40  Hz.  The  LPL  of  the 
M'ii  component  in  Figure  4.13c  is  difficult  to  pick  because  it 
is  not  flat  between  4  and  40  Hz.  The  peak  at  7  Hz  has  a  LPL 
of  7.6  X  1015  dyne-cm.  This  difference  in  LPL  between  this 
inversion  and  the  HS115  inversion  is  due  to  velocity 
differences  between  the  two  half-space  Green's  functions. 

The  faster  velocity  in  model  HS115  results  in  smaller  peak 
amplitudes  in  the  Green's  functions  (see  Figure  4.2).  The 
inversions  attempt  to  make  up  for  the  smaller  amplitude  by 
putting  more  energy  into  the  source. 

The  difference  in  Poisson's  ration  between  the  two 
models  results  in  a  dif  ference  in  over  shoo’,  in  the  M'u 
spectra.  Model  HS115  with  a  high  Poisson's  ratio  of  .4 b 
results  in  an  increase  in  source  strength  between  4,8  and  4 (i 


MOMENT  RATE  2X10  **22 
(dyne-cm) 


TIME  (  s  ) 


FREQUENCY  (Hz) 


I igure  4.13.  Observational  inversion  36GC1  using  CART  1 
input  velocity  and  HC3GG  Green's  functions  (a) moment  rate 
(b) moment  (c) amplitude  spectra.  Refer  to  Figure  4.1  for 
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Hz.  Model  HS366  with  a  lower  Poisson's  ratio  of  .29  results 
in  a  decrease  in  source  strength  between  4  and  40  Hz.  This 
phenomenon  was  predicted  by  the  Mueller-Murphy  source  models 
in  Figure  3. 2d. 

The  previous  two  inversions  emphasize  the  influence  that 
test  medium  velocities  have  on  inversion  results.  This  is 
even  more  clearly  seen  in  the  comparison  of  the  time  domain 
peaks  in  table  11.  M1S0(366)  is  4  times  larger  than  MISo(U5)- 

Comparing  the  M'n,  M’22  and  M*33  components  of  the  HS366 
inversion  note  that  they  are  not  equalized  as  they  were  for 
HS1 15  inversi  n.  For  the  HS366  inversion  the  M'33  component 
is  three  times  larger  than  the  M’n  and  M'22  components.  The 
symmetry  of  the  moment  tensors  has  been  changed  by  the 
Green's  functions.  In  particular  the  symmetry  has  been 
changed  by  changing  the  velocity  of  the  test  medium.  It  is 
worth  noting  that  similar  results  were  obtained  in  the 
synthetic  inversion,  HS366BIC1X,  in  which  Green's  functions 
with  too  fast  a  shear  velocity  were  used. 

The  HS366  Green's  functions  also  affect  the  relative 
strength  ot  the  deviatoric  moment  rate  relative  to  the 
isotropic  moment.  While  the  isotropic  moment  rate  is  88 
times  greater  than  the  deviatoric  for  HS115,  the  isotropic  is 
only  3  times  greater  than  the  deviatoric  for  HS366.  In 
summary  the  inversion  with  the  HS366  Green's  functions 
results  in  less  spherical  symmetry,  and  increase  in  M'33 
relative  to  M'n  and  M'22  and  an  increase  in  LPL  by  a  factor 


of  5.4. 


2.  Layered  Half space  Inversions 

This  section  describes  the  results  of  CART  1  source 
inversions.  Green's  functions  corresponding  to  LHS  models  F, 
H,  N  and  O  listed  in  table  7  are  the  path  models.  Peak 
moment  rates  are  shown  in  table  11. 

The  first  comparison  is  between  inversion  C1F  and  C1H. 

As  shown  in  table  7,  models  F  and  H  are  the  sarie  model  with 
the  exception  of  the  shear  velocity  in  the  most  shallow 
layer.  Model  F  has  a  pi  of  120  m/s  and  model  H  has  a  Pi  of  80 

m/s.  The  Green's  functions  for  both  models  were  calculated 
by  specifying  a  source  depth  of  3  meters-  just  below  the 
interface  between  layer  one  and  layer  two.  Comparison  of 
these  two  inversions  allows  an  isolation  of  the  effect  that 
overburden  shear  velocity  has  on  the  moments.  Faster  shear 
velocity  results  in  smaller  time  domain  peaks.  This  was 
illustrated  by  the  Green's  functions  in  Figure  4.2.  When  the 
time  domain  peak  is  smaller,  the  inversion  compensates  by 
increasing  the  source  peak.  In  table  11  the  inversion  using 
faster  shear  velocity  (F)  has  larger  time  domain  amplitude 
than  the  inversion  using  the  slower  shear  velocity  (H) . 

Mi  so  (F)  =  4.155  x  101-6  dyne-cm/s  and  MIS0(H)  =  1.705  X  10  16 
dyne-cm/s .  Here  the  difference  in  shear  velocity  is  40  m/s 
and  the  isotropic  components  differ  by  a  factor  of  2.5. 

Another  difference  between  the  two  inversions  can  be 
observed  in  the  separation  of  the  deviatoric  and  isotropic 
components . 


0.93  X  10 


-1.0  -.24 

.80 


dyne-cm/s 
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Dij(F)  ~ 


-.84 

.46 

-1.8  . 


Dij(H>  --  0.68  X  1015 


-1.0  -.64  -1.8 

.20  -1.1 

-1.2 


dyne-cm/s 


While  the  isotropic  moment  rate  of  inversion  GIF  is  3 
times  larger  than  that  of  C1H,  the  deviatoric  moment  rate  is 
only  1.4  times  larger.  The  relative  strength  of  the 
deviatoric  source  components  is  larger  when  model  H  is  used 
than  when  model  F  is  used  to  account  for  the  patn . 

Decreasing  the  shear  velocity  in  the  upper  layer  of  model  H 
is  responsible  for  this  difference. 

The  source  time  functions  and  amplitude  spectra  of 
inversion  C1F  and  C1K  are  shown  in  Figure  4.14  and  Figu- e 
4.15.  The  M'n  estimates  in  C1F  are  5  times  larger  than  the 
variance  between  4  and  40  Hz.  Similarly,  the  M'n  estimates 
in  C1H  are  5  times  larger  than  the  variance  between  4  and  40 
Hz.  An  estimate  of  the  LPL  of  C1F  is  3.0  X  1015  dyne-cm 
compared  to  1.2  X  1015  dyne-cm  for  C1H.  These  values  are 
rather  subjective  because  the  source  spectra  are  not  flat 
between  4  -  40  Hz.  These  were  taken  from  the  spectral  peaks. 

Inversions  C1N  and  CIO  address  the  problem  of  source 
coupling  differences.  This  is  possible  because  the  velocity 
and  attenuation  parameters  in  models  N  and  0  are  identical. 
The  only  difference  in  computation  of  the  Green's  functions 
is  the  placement  of  the  source.  Model  N  places  the  source  a- 


MOMENT  RATE  2  X  10  **22 
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3  meters-  just  below  the  first  interface.  The  velocities  at 
source  depth  are  670  m/s  and  230  m/s  for  P  and  S  velocities 
respectively  with  Poisson's  ratio  equal  to  .43.  Model  0 
places  the  source  at  3  meters-  this  time  just  above  the 
interface.  The  velocities  at  source  depth  are  270  m/s  and 
120  m/s  with  a  Poisson's  ratio  of  .38. 

The  isotropic  moment  rate  peak  for  inversion  C1N  is 
2.769  X  1016  dyne-cm/s  and  for  CIO  it  is  .8019  1016  dyne-cm/s. 
There  is  over  a  factor  of  3  decrease  in  isotropic  moment  when 
the  velocity  at  source  depth  is  decreased.  The  deviatoric 
components  of  C1N  are  larger  than  those  of  CIO  relative  to 
their  isotropic  components.  Increasing  Poisson's  ratio  at 
shot  depth  increases  the  contribution  of  deviatoric  relative 
to  isotropic  source  components. 

Figures  4.16  and  4.17  compare  the  source  time  functions  and 
spectra  for  the  C1N  and  CIO  inversions.  LPL  measured  from 
the  M'n  spectrum  is  2  X  101S  dyne-cm  with  the  N  path  model 
and  .6  X  1015  dyne-cm  for  model  O.  Model  N,  with  the  faster 
velocity  at  source  depth  results  in  LPL  of  moment  that  is  3.3 
times  greater  than  that  of  model  O.  The  above  two 
comparisons  show  how  changes  in  the  Green's  functions  relate 
to  large  differences  in  the  resulting  moment  tensor 
estimates . 


3.  Condition  Numbers 

Condition  number  as  a  function  of  frequency  for  4  of  the 
observational  inversions  are  plotted  in  Figure  4.18.  The 
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liyuio  4  .  3  b  .  Condition  number o  vor  .nun  i  r  equoncy  for  4 
obnervaiion.j]  j  rivor  ni  one  . . 
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condition  numbers  for  inversions  C1F,  C1H,  C1N,  CIO  and  all 
have  average  values  of  10.  Only  C1H  is  plotted  in  Figure 
4.18.  All  but  11SC1  are  have  similar  shape  and  values  of 
around  10  beyond  10  Hz. 

C1ALPHA  has  a  peak  of  300  at  40  Hz  corresponding  to  a 
spectral  hole  in  the  Green's  functions.  A  similar  peak 
occurred  in  the  synthetic  inversion,  ALPHAN1 ,  when  the  same 
Green's  functions  were  used  and  the  input  velocities  were 
limited  to  one  range. 

The  condition  numbers  associated  with  inversion  115C1 
are  larger  than  all  others  with  the  exception  of  the  peak  in 
C1ALPHA.  7iS  was  discussed  in  Section  4.C.5,  the  inversions 
with  the  slowest  shear  velocities  produce  the  largest 
condition  n u  mb e  r  s  . 


4 .  Time  Domain  Fits 

Correlation  coefficients  for  the  9  CAPT  1  observational 
data  inversions  are  listed  in  table  12.  The  input 
seismograms  are  compared  to  the  calculated  seismograms  in 
Figures  4.19  -  4.20.  Comparisons  are  made  at  the  three 
ranges  represontati ve  of  the  CART  1  data  set:  13.5,  27.0  and 
40, C  meters.  In  each  pair,  the  top  trace  is  the  input 
velocity  record  and  the  bottom  trace  is  the  velocity  record 
calculated  from  the  input  Green's  functions  and  the  inverted 
moment  rate  tensor . 

Figure  4.19  shows  the  tim<  domain  fits  to  the  CART  1 
data  using  the  slow  path  model,  HS115.  Figure  4.20  shows  the 
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TABLE  12 

CORRELATION  COEFFICIENTS  FOR 
CART  I  OBSERVATIONAL  SOURCE  INVERSIONS 


RANGE  (m) 

13.5 

13 . 5 

13.5 

27.0 

27 . 0 

40.6 

40 . 6 

AZIMUTH 

90 

270 

0 

180 

35 

215 

325 

TRIAL  NAME 

115C1 

.  8399 

.  8742 

.9365 

.7130 

.6064 

.  6889 

.7355 

(R) 

.1720 

.3665 

.2727 

-.0388 

.  4888 

.5647 

.2253 

(T) 

.2189 

.7611 

.6304 

,2027 

.0591 

.6573 

.7717 

(Z) 

366C1 

.9112 

.  9118 

.7123 

.  8855 

.7330 

.9104 

.8410 

(R) 

.4866 

-.1501 

.  5584 

-.0897 

-.2005 

.5791 

.4078 

(T) 

.  6928 

.  5851 

.6205 

.8615 

.7260 

.8113 

.7602 

(Z) 

C1F 

.9550 

.9657 

.8729 

.  9408 

.7780 

.8974 

.  9162 

(R) 

.3111 

.  4154 

.6921 

.2074 

.2636 

.6850 

.1269 

(T) 

.5852 

.  6993 

.6688 

.  6827 

.6066 

.6636 

.4747 

(Z) 

C1H 

.9263 

.  9489 

.8740 

.  8089 

.8599 

.6700 

.  6427 

(R) 

.4333 

-.1449 

.5746 

.2112 

.  0696 

.2491 

.1180 

(T) 

.3729 

.5396 

.4495 

.  4961 

.1807 

.1745 

.1622 

(Z) 

ClN 

.8584 

.  9501 

.7600 

.  6364 

.5430 

.8132 

.8418 

(R) 

.5016 

.  6531 

-.1258 

.  0644 

.7026 

-.1943 

-.0248 

(T) 

.4801 

.  5897 

.5689 

.  0639 

-.0403 

.4550 

.4195 

(Z) 

CIO 

.9715 

.9726 

.7788 

.  8014 

.7574 

.6196 

.  6510 

(R) 

.5577 

.  6457 

.0817 

.  3276 

.6716 

-.0894 

.1748 

(T) 

.4294 

.  5201 

.4345 

-.0109 

-.1275 

.2404 

.  3998 

(Z) 

C1GAMMA 

.9581 

.  9647 

.6508 

.  8525 

.7379 

(R) 

.  5849 

.6773 

-.1847 

.1932 

.7040 

IT) 

.44  49 

.  5629 

.4818 

.  1983 

.2239 

(Z) 

C1ALPHA 

.9920 

.  9924 

.9967 

(R) 

.8630 

.  9396 

.7981 

IT) 

.  9684 

.  9801 

.  9567 

(Z) 

Cl  OMEGA 

1 . 0000 

1 . 0000 

<k> 

1  . 0000 

1 . 0000 

01  ) 

1 . 0000 

1 . 0000 

(/■) 

TIME  (  s  ) 


Figure  4.19.  Observational  inversion  115C1.  Comparisons  are 
made  at  three  ranges  for  radial  (R) ,  transverse  (T)  and 
vertical  components.  In  each  pair,  the  top  trace  in  the 
input  velocity  record  and  the  bottom  trace  is  the  calculated 
velocity  record. 


VELOCITY 
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13.5  m  27.0  m  40.6  m 


TIME  ( s  ) 


Figure-  4.2].  Gbservat  ion  a  l  inv.-rt  cr.  Cl'.,  Cempar  isons  are 
made  at  three  ranges  i  or  r<-d-aJ  »F  -  tr.a.-.s"t:ie  (T)  and 
vertical  compori'-nts  .  In  each  pa  .r,  *tn<  top  trae-  in  the 
input  velocity  record  and  tne  Lot. ton.  trac*  is  the  calculated 
velocity  record. 
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fits  when  the  fast  HS  model,  HS366  is  used.  The  peak 
amplitudes  of  the  input  seismograms  are  matched  better  by  the 
HS366  inversion  than  the  HS115  inversions.  The  HS366 
inversion  also  does  a  better  job  of  matching  the  surface 
waves . 

As  a  representative  of  the  LHS  fits,  inversion  C1N 
velocities  are  plotted  in  Figure  4.21.  At  13.5  meters  the 
radial  peak  is  matched  but  the  vertical  peak  is 
underestimated.  At  27.0  and  40.6  meters  the  radial  peaks  are 
underestimated  while  the  vertical  peaks  are  better  matched. 
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CHAPTER  5 


SUMMARY  AND  CONCLUSIONS 

The  CART/ART  tests  have  been  useful  in  demonstrating  a 
method  of  experimental  seismology  to  constrain  source 
characteristics  for  small  explosions.  One  advantage  to  this 
approach  is  that  physical  parameters,  such  as  velocities  of 
the  source  medium,  can  be  measured  in  the  field  to  enhance 
modeling  procedures.  Trade-offs  in  the  source  and  path 
effects  are  unavoidable  even  on  the  small  scale.  This  study 
has  attempted  to  quantify  these  trade-offs  as  they  relate  to 
uncertainties  in  the  McCormick  Ranch  site  model.  Conclusions 
from  this  study  fall  into  three  main  categories:  increased 
knowledge  of  the  path  effects,  increased  knowledge  of  the 
source  physics  and  recommendations  for  future  tests. 

iL _ McCormick  Ranch  Geological  -Model 

Low  velocities,  low  Q-values,  and  high  Poisson's  ratio 
of  the  McCormick  Ranch  test  site  are  factors  that  contribute 
to  some  unique  problems  in  the  source  models.  The  best  model 
for  the  site  was  given  in  Table  3.  P-velocities  are  believed 
to  be  reliable  as  are  depths  to  interfaces.  Upper  layer  Q 
values  are  very  low  (5-10) . 

The  hardest  parameter  to  define  is  shear  velocity. 
Because  there  was  in  .ufficient  data  to  resolve  the  shear 
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velocities,  a  range  of  shear  values  was  carried  into  Chapter 
3  on  forward  modeling  and  Chapter  4  on  inverse  modeling. 
Uncertainty  in  shear  velocity  strongly  affects  the  relative 
amplitudes  of  the  path  functions  and  thus  influences  the 
symmetry  and  strength  of  the  source  functions.  As  an 
example,  inversions  C1F  and  C1H  illustrate  the  importance  of 
overburden  shear  velocity.  Decreasing  the  top  layer  shear 
velocity  from  80  to  120  m/s  had  the  effect  of  decreasing  the 
source  strength  from  3  X  lO1-*  dyne-cm  to  1.2  X  1015  dyne-cm. 

JELi _ Source  Physics 

An  illi: adve  process  of  refining  the  proportionality 
constants  in  the  1971  Mueller-Murphy  forward  models  produced 
a  range  of  possible  CART  source  interpretaions .  These 
constants  can  be  used  as  a  starting  point  for  future  studies 
iii  which  dry  alluvium  is  the  source  medium. 

The  best  forward  model  (BASIC)  was  obtained  by  using  the 
following  constants:  a  compact  ion  factor  (k^  in  equation 
3.7)  of  0.4,  an  elastic  radius  factor  ( k-2  in  equation  3.8)  of 
417;  a  cavity  radius  factor  (kj  ,  Equation  -5.9)  of  28.5  and 
decay  constant  factor  (k4,  Equation  3.10)  of  1.5.  Errors  in 
cavity  radius  were  shown  to  be  of  particular  importance 
because  of  the  relation  between  cavity  radius  and  the  long- 
period-level  of  the  moment  rate  spectrum  which  is  interpreted 
directly  as  source  strength. 

Errors  in  the  Green's  function  can  lead  to  changes  in 
the  symmetry  of  the  source.  me  mverceu  source  imiu-iuiis 
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were  predominantly  spherical  when  the  slow  HS  Green's 
functions  were  used.  When  fast  HS  Green's  functions  were 
used,  the  deviatoric  source  components  increased  in  size 
relative  to  the  isotropic  source.  In  particular  synthetic 
tests  with  the  wrong  Green's  functions  resulted  in  diagonal 
components  of  uhe  moment  tensor  with  the  M33  increased  in 
amplitude  by  a  factor  of  almost  3.  There  was  also  a  factor 
of  4  error  in  source  strength. 

This  study  serves  as  an  investigation  into  methods  of 
determining  yield  scaled  source  models  for  small  sources. 
Although  absolute  measurements  of  source  strength  are 
dependent  on  accurate  velocity  models,  a  site-specific 
scaling  model  is  obtainable  using  the  experimental  method 
outlined  in  this  study.  The  next  step  would  be  to  repeat  the 
study  in  the  same  source  medium  at  similar  scaled  ranges  but 
with  incrementally  larger  yields.  In  this  way  a  yield¬ 
scaling  would  be  developed  for  alluvium.  The  same  series  of 
tests  would  then  be  conducted  in  other  rock  types. 

F. .  Recommend  a  tions 

Site  parameterization  should  be  done  before  explosion 
tests.  Because  of  their  importance  in  determining  the  long- 
period-level  of  the  isotropic  source,  it  is  essential  to 
constrain  velocities  of  the  source  medium.  In  addition, 
preliminary  site  characterization  could  help  avoid  placing 


the  source  near  an  interface. 
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Forward  modeling  can  be  done  after  the  site  is 
characterized  and  before  the  explosions. 

When  alluvium  is  the  source  medium,  Poisson's  ratio  can 
be  high.  The  result  is  that  the  Green's  functions  have  very 
large  amplitudes  with  respect  to  the  shear  components.  The 
method  may  not  be  so  sensitive  to  shear  velocities  errors 
when  a  medium  with  lower  Poisson's  ratio  is  used. 

Slightly  larger  sources  should  be  used  so  the  burial 
depth  for  containment  is  deeper.  This  should  reduce  the 
problems  of  the  near-surface  inhomogeneities. 

CART  1  design  is  recommended  because  it  has  the  best 
range  coverage  and  azimuthal  coverage.  Designs  can  be  tested 
through  inversion  of  synthetic  data.  The  condition  numbers 
indicate  whether  the  design  is  particularly  sensitive  to 
noise  in  the  data. 

To  compare  contained  and  uncontained  shots,  stations 
should  oe  placed  in  the  same  relative  locations  so  the  same 
Green's  functions  can  be  used  for  the  two  different  sets  of 
inversions.  This  will  improve  bias  of  comparisons.  Even  if 
the  Green's  functions  are  not  known  with  more  certainty  at 
least  the  error  will  be  systematic  allowing  direct  comparison 
of  source  functions. 

Finally,  the  development  of  two  additional  field 
techniques  would  be  useful:  an  improved  method  of  obtaining 
shear  velocities  and  empirical  measurements  of  the  final 
cavity  radius.  Both  of  these  measurements  could  help 
determine  the  source  strength  in  an  absolute  sense. 


149 


APPENDIX  A 
DATA  CORRECTIONS 

Data  corrections  refer  to  those  steps  taken  to  convert 
the  observed  accelerograms  to  velocity  and  displacement 
records.  The  processing  steps  (PS)  are  listed,  discussed  and 
illustrated  below.  In  order  to  maintain  continuity  in 
illustrating  the  processing  steps,  some  figures  are  presented 
that  are  not  referred  to  in  the  text . 


1 . 0  Deglitch 
2 . 0  Rescale 

3.0  Integrate  to  velocity 

3.1  Remove  slopes 

3.2  Hi-pass  filter 

4.0  Integrate  to  displacement 
5 . 0  Window 


PS  1.0  Deglitch.  Instrument  glitches  were  removed  using 
a  maximum  threshold  amplitude  with  all  values  in  the  series 
above  the  maximum  replaced  by  an  arithmetic  mean  of 
surrounding  data  points.  Six  channels  out  of  sixty  were 
deglitched . 

PS  2.0  Rescale.  Each  point  in  the  acceleration  time 
series  was  multiplied  by  a  scale  factor  to  convert  digital 
counts  to  cm/s2.  The  peak  accelerations  for  each  channel  of 
data  are  listed  in  Appendix  C. 
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PS  3.0  Integrate.  Observed  accelerations  were 
integrated  in  the  time  domain  using  the  trapezoid  rule. 
Integration  had  the  effect  of  boosting  the  long-period  end  of 
the  spectrum.  Because  slopes  and  long-period  noise  made  the 
signal  look  noncausal,  corrections  were  necessary  to  return 
the  records  to  realistic  velocity  records.  Long-period  noise 
estimates  are  not  available  at  the  time  of  this  writing. 

PS  3.1  Remove  slopes.  Slopes  were  subtracted  using 
cursors  on  a  graphics  terminal  with  an  interactive  plotting 
routine.  .Slope  removal  was  the  most  time  consuming  of  the 
processing  step  _  because  several  attempts  were  made  on  each 
channel  of  data  before  the  proficiency  was  acquired  to  do 
this  step  in  a  consistent  manner. 

The  observed  slopes  are  grouped  into  the  six  different 
types  listed  in  table  13.  Also  given  in  the  table  are  the 
percentages  of  occurrence  of  each  type.  Discussion  of  each 
typo  follows. 

Type  1  is  just  a  constant  slope  in  velocity.  An  example 
is  given  in  Figure  A. lb  (  file  2D3) .  A  constant  DC  offset  in 
a c-e  .©ration  causes  this  type  of  slope.  To  illustrate  this 
point  the  DC  offset  (1.2  cm/s2)  in  acceleration  was  removed 
before  integration.  The  resulting  uncorrected  velocity 
(Figure  A.le)  did  not  exhibit  the  ramp  as  in  Figure  A. lb. 

The  spectra  in  Figures  A.  lb,  ic  and  le  show  groat  similarity 
between  3  arid  70  Hz.  Below  3  Hz  the  effect  of  the  r amp  is 
seen  as  a  rise  in  long-period  energy. 
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Although  removing  a  DC  term  in  acceleration  or  removing 
a  ramp  in  velocity  are  equivalent  processing  steps,  several 
tests  such  as  the  one  described  above  lead  to  the  conclusion 
that  it  is  preferable  to  remove  the  slope  after  integration. 
The  reasoning  behind  the  preference  is  that  in  calculating 
the  DC  offset,  only  the  first  30  points  are  used  whereas 
slope  removal  in  velocity  uses  more  points  for  the  average. 

Type  2  was  the  most  commonly  observed  slope.  An  example 
is  given  in  Figure  A. 2  (  file  2A3  )  .  The  step  was  identified 
and  located  by  drawing  one  line  through  the  points  before  the 
onset  of  the  sio-  l  and  another  line  through  the  points  after 
the  signal  ha  sed.  Location  of  the  step  is  coincident: 
•fith  the  first  peak  of  the  signal  in  each  case.  The  slopes 
before  and  after  the  step  are  equal  for  half  of  the  channels 
with  this  slope  type  suggesting  that  the  step  is  superimposed 
on  the  type  1  slope.  In  other  words,  if  the  DC  offset  were 
removed  before  integration,  type  2  would  not  have  a  slope  but 
rather  a  step  in  uncorrected  velocity.  Mote  that  the  step 
occurs  at  the  time  for  signal  arri.val  (  types  2  and  5  )  in  1 G 
of  20  channels  on  the  radial  component  (  see  table  13) . 

One  explanation  for  the  step  is  that  it  is  related  to  a 
sampling  problem.  If  the  recording  system  failed  to 
reproduce  all  the  high  frequency  components  oi  the  signal , 
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TABLE  13 

TYPES  OF  OBSERVED  SLOPES  WITH  PERCENTAGES 


P. 

T 

Z 

Total  % 

(1) 

Constant 

5 

2 

4 

18.3 

(2) 

Step 

7 

3 

14 

40.0 

rn  ,  ,  T»  -  —  r- 

r 

/*> 

O  ^ 

i  -■ ) 

w 

W 

w>  <  -/ 

(4) 

Throe  Ramps 

2 

10 

0 

2  0.0 

(5) 

Stop  and  Ramp 

Cl 

2 

2 

15.0 

(6) 

OLh'-: 

] 

•J. 

0 

2  ,  3 
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A  test  of  this  hypothesis  was  to  reproduce  a  step  in  a 
file  that  did  not  exhibit  a  step  in  uncorrected  velocity  ( .  ee 
Figure  A.le  ) .  A  4-pole  low-pass  Butterworth  filter  with  the 
corner  at  50  Hz  was  applied  to  the  DC-corrected  acceleration 
data  of  file  2D3  (  Figure  A. la  ) .  The  file  was  then 
integrated  to  yield  uncorrected  velocity.  The  results  were 
marginal  in  reproducing  a  step. 

Continuing  the  test,  a  similar  filter  with  corner  at  30 
Hz  was  applied  to  acceleration.  In  addition,  a  filter  at  GO 
Hz  with  a  12-pole  roll-off  was  applied  to  the  DC-corrected 
acceleration.  Steps  in  uncorrected  velocity  resulting  from 
these  filter  tests  are  negligible  compared  with  those 
observed  for  the  type  2  slope. 

The  above  tests  failed  to  reproduce  steps  because  the 
high  frequencies  were  reduced  throughout  the  signal  time 
window.  In  order  to  explain  the  location  of  the  step  at  tue 
first  arrival,  the  high  frequency  depletion  should  affect 
only  the  first  cycle. 

In  a  different  test  to  replicate  the  steps,  the 

amplitude  of  only  the  first  positive  peak  was  reduced.  As 

illustrated  in  Figures  A. 3a  and  A. 3b,  the  first  peak  was 

2  2 

reduced  from  1505  cm/s  to  1305  cm/s  (13.35)  by  editing  the 
acceleration  file.  As  shown  in  Figure  A. 3c,  this  procedure 
has  replicated  the  slope  observed  in  Figure  A.  2b  where  the 
step  is  5  \  oi  the  maximum  velocity.  Comparison  of  spectra 
in  Figures  A. lb  and  A . 3c  shows  similarity  above  3  Hz. 


Now,  comparing  Figures  A. 3d  and  If,  the  slope-con ection 
process  is  validated.  Figure  A. it  represents  the  original 
file  which  had  no  step  in  uncorrected  velocity  and  in  Figure 
A. 3d  an  artificial  step  has  been  successfully  removed.  The 
same  test  was  repeated  with  a  90  %  reduction  in  peak, 
amplitude  (see  Figure  A. 4),  Again  the  correction  process  is 
validated  comparing  Figure  A. 4c  with  Figure  A. If.  Note  that 
the  spectra  in  Figures  A. If,  A. 3d  and  A. 4c  are  almost 
identical  below  40  Hz. 

The  conclusion  is  that  loss  of  energy  above  the  anti¬ 
alias  filter  corner  frequency  (70  Hz)  may  have  affected  the 
representation  of  the  signal  but  that  due  to  dispersion,  this 
effect  is  only  important  in  the  first  cycle.  While  the  slope 
correction  procedure  cannot  restore  high  frequencies,  it  does 
improve  the  representation  of  the  signal  by  increasing  the 
amplitude  of  the  first  arrival  by  an  appropriate  amount. 

Slope  types  3  and  4  are  similar  to  the  type  1  ramp  in 
uncorrected  velocity  with  the  addition  of  slope  changes  at 
various  times  throughout  the  signal.  An  example  of  slope 
type  3  is  given  in  Figure  A . 5b  (file  2G2) .  Note  that  the 
slopes  in  Figure  A. 3b  could  be  redrawn  with  3  instead  of  2 
slopes.  That  would  have  made  file  2G2  an  example  of  the  type 
4  slope  with  three  ramps,  one  occurring  at  the  arrival  of  the 
signal . 

Type  3  and  4  slopes  may  be  related  to  tilt  of  the 
accelerometer.  If  this  is  the  case,  the  changes  in  slope 
should  occur  on  both  horizontal  components  at  the  saint  point 
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in  time.  A  comparison  should  be  made  with  files  2G2  and  2G3 
(Figures  A. 5b  and  A. 5c)  for  verification.  Otherwise,  if  the 
changes  do  not  occur  at  the  same  time,  then  the  tilt  was  with 
respect  to  only  one  axis.  The  lesson  learned  by  comparing 
Figures  A. 5b  (transverse  component)  and  5c  (radial  component) 
is  that  a  better  interpretation  is  made  when  all  three 
components  are  corrected  simultaneously. 

Peak  amplitudes  in  acceleration,  velocity  and 
displacement  are  given  in  Appendix  C.  Peak  acceleration 
amplitude  of  the  transverse  component  is  an  average  of  25%  of 
the  radial.  One  explanation  for  the  apparent  slope  changes 
on  the  transverse  components  is  that  tilt  is  more  obvious  due 
to  smaller  transverse  amplitudes.  The  instrument  tilt 
required  to  cause  the  change  in  slope  in  Figure  A. 5b  is  0.06 
mm.  The  calculation  was  made  for  an  instrument  box  18  inches 
(460  mm)  in  length.  Tilts  of  this  magnitude  could  be  caused 
by  shifting  of  the  instrument  box  in  the  dry  alluvium  after 
the  signal  has  passed. 

Type  4  slope  is  similar  to  type  3  except  that  two 
changes  in  slope  occur.  The  first  change  is  coincident  with 
signal  arrival  and  the  second  change  is  after  the  signal  has 
passed.  Half  of  the  transverse  components  required  the 
removal  of  slope  type  4 . 

Slope  types  3  and  4  are  difficult  to  remove  consistently 
because  of  the  placement  of  the  change  in  slope.  In  attempts 
to  repeat  the  corrections,  it  was  noted  that  the  placement  of 
the  change  in  slope  affects  the  appearance  of  the  long-period 


156 


noise  in  the  slope-corrected  velocity  (Figure  A.5d). 

However,  the  high-pass  filter  applied  in  the  next  processing 
step  (PS  3.2)  does  a  good  job  of  removing  the  long-period 
oscillations  before  and  during  the  signal  (FigureA. 5e) . 

After  repeating  the  entire  processing  sequence  for  a  file 
such  as  3A2  the  corrected  velocity  records  look  the  same  even 
if  the  slope  corrections  were  slightly  different 

Types  5  and  6  are  combinations  of  types  1-4.  Type  5 
slope  is  a  step  followed  by  a  ramp.  Type  6  slopes  are 
similar  to  the  others  but  with  an  extra  change  in  slope.  In 
one  case  (file  1A2)  the  change  in  slope  occurred  before 
signal  arrival.  In  another  case  (file  2B1)  the  uncorrected 
velocity  was  similar  to  type  5  except  that  the  step  at  the 
signal  arrival  was  very  large  and  there  was  an  extra  slope 
change  after  passage  of  the  signal.  Both  of  these  cha.  n<;is 
are  excluded  from  analysis  because  of  their  unusual 
characteristics . 

PS  3.2  High-pass  filter.  In  the  discussion  of  slopo 
type  3,  the  long-period  noise  resulting  from  the  integration 
and  slope  removal  was  pointed  out.  The  best  filter  design 
was  determined  by  finding  the  corner  that  would  eliminate 
most  of  the  long-period  noise  and  retain  the  broadest 
frequency  band  possible.  The  optimal  corner  was  found  to  be 
3.5  Hz  as  illustrated  in  Figure  A.l. 


During  early  wor r.  with 
were  designed  for  each  file 
the  4-poie  filter  had 


the  data  di.fferen'  4-pole  l  i  iter 
Liter,  it  vi as  determined  that 
roll-"*!  and  introduce': 


too  steep  a 
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significant  acausal  arrivals.  This  effect  is  illustrated  by 
comparing  Figures  A. 6  (4-pole)  with  Figure  A. 2d  (2-pcle) . 

The  final  filter  design  is  a  2-pole  high-pass 
Butterworth  filter  with  corner  at  3.5  Hz.  Every  channel  of 
data  was  passed  through  this  same  fi!tev"  after  slope  removal. 
The  non-zero  phase  characteristics  of  this  filter  are 
compensated  in  the  inversions. 

PS  4.0  Integrate  to  displacement.  The  corrected 
velocity  records  are  integrated  a  second  time  to  yield 
displacement.  Figures  A. 7a  and  A. 7b  illustrate  the  problems 
with  the  long-pericd  noise  if  the  filter  in  PS  3.2  is  not 
applied  before  the  second  integration,  when  the  filter  is 
applied  before  the  second  integration,  no  further  corrections 
are  necessary. 

PS  5.0  Window.  She  corrected  velocity  records  ar 
windowed  from  600  points  to  256  points  v/ith  25  points  before 
the  signal,  arrival  and  231  points  after  the  signal  arrival. 
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Figure  A, la.  Observed  acceleration  scaled  to  cm/s2.  r  : 
2D3  is  the  radial  component  observed  at  the  5  meter  rang 
Peak  amplitude  is  1.56  g.  PS2.0 
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Figure  A. lb.  Example  of  slope  type  1,  a  constant  slope  in 
uncorrocted  velocity.  Record  obtained  by  integral'  ion  oi 
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Figure  A. lc . 
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Figure  A. Id.  Corrected  velocity.  Record  obtained  by 
application  of  high-pass  filter  with  corner  at  3  5  Hz 
Figure  A. 1c .  PS3 .2 
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Figure  A.le.  Uncorrected  velocity.  Record  obtained  by 
removing  a  DC  offset  from  Figure  A. la  before  integrating. 
Compare  to  Figure  A, lb.  where  the  DC  term  was  not  removed 
before  integration.  Removing  DC  in  acceleration  is 
equivalent  to  removing  a  slope  from  velocity. 
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Figure  A. If.  Corrected  velocity.  Compare  to  Figure  A.ld 
Figures  A. id  and  A. If  are  almost  identical  a  .d  support  th 
statement  that  removing  DC  in  acceleration  is  equivalent 
removing  a  slope  from  velocity. 
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Figure  A. 5a.  Observed  accelerati 
/GP  is  the  transverse  component  o 
rar oe .  Peak  acceleration  is  0  .  i  3 
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Figure  A.5d.  Velocity  record  obtained  by  subtracting  the  two 
slopes  from  Figure  A. 5b.  The  departure  from  the  zero  line 
shows  up  as  a  peak  in  the  amplitude  spectrum  below  1  Hz. 

This  be'ist  in  long  period  noise  is  a  result  of  integration. 
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CART  PEAK  AMPLITUDES 


File 

Range 

Range 

Peak  Accel. 

Peak  Vel . 

Peak  Displ 

Slope 

Name 

(m/kt1/3) 

(  m) 

(cm/s2) 

(cm/s) 

(cm) 

Type 

1A1 

1019.0 

13.5 

373 

2.44 

1 . 6 

4 

1A2 

130 

.52 

.  4 

6 

1A3 

342 

1.89 

3.5 

1 

1B1 

1019.0 

13.5 

598 

2.22 

1.9 

1 

1E2 

113 

.50 

.8 

4 

1B3 

441 

2.01 

3.1 

5 

1C1 

1019.0 

13.5 

404 

2.08 

1 . 5 

1 

1C2 

99 

.25 

.  4 

5 

1C3 

344 

1.86 

3.2 

2 

1D.1 

2001.9 

27 . 0 

122 

.58 

.  7 

2 

1D2 

31 

.  11 

.2 

2 

1D3 

186 

1.41 

1 . 8 

2 

1E1 

2001.0 

27.0 

115 

.48 

.  6 

5 

1E2 

46 

.26 

.  4 

4 

IE  3 

184 

1.33 

1.7 

2 

1F1 

2999.5 

40.6 

62 

.26 

.  6 

2 

1F2 

37 

.15 

.2 

2 

1F3 

136 

.73 

1.0 

1 

1G1 

2999.5 

40.6 

75 

.38 

.  6 

2 

1G2 

52 

.18 

.  1 

1 

1G3 

95 

.47 

.  9 

2 

2A1 

429 . 6 

5.0 

2156 

10.46 

9.3 

5 

2A2 

273 

.77 

.  4 

4 

2  A3 

1387 

13.57 

28.9 

2 

2B1 

429.6 

5.0 

2342 

8.71 

10 . 4 

6 

2B2 

144 

1.2 

1 . 8 

4 

2B3 

1401 

13 . 47 

27 . 8 

2 

2C1 

429 . 6 

5.0 

2950 

13 .15 

10.5 

4 

2C2 

366 

2.24 

3 . 6 

2 

2C3 

965 

9.88 

21.6 

2 
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File 

Range 

Range 

Peak  Accel. 

Peak  Vel . 

Peak  Displ 

Slope 

Name 

(m/kt1/3) 

(  m) 

(cm/s2) 

(cm/s) 

(cm) 

Type 

2D1 

429 . 6 

5.0 

2479 

9.87 

10.5 

1 

2D2 

271 

2 . 94 

3 . 6 

5 

2D3 

1506 

14 . 50 

21 . 6 

1 

2E1 

1019.0 

13.5 

390 

1.52 

10.5 

2 

2E2 

38 

.14 

4.0 

4 

2E3 

536 

2.68 

29.2 

2 

2F1 

1019.0 

13.5 

494 

2.28 

1.8 

1 

2F2 

153 

.73 

.4 

4 

2F3 

562 

4 . 15 

4.4 

2 

2G1 

1019.0 

13 . 5 

440 

1 .45 

1.5 

1 

2G2 

127 

.32 

.3 

3 

2G3 

331 

2.08 

3.5 

2 

3A1 

429.6 

5.0 

1875 

9.54 

8,2 

5 

3A2 

263 

1.88 

2.6 

4 

3A3 

1581 

16.59 

31.4 

2 

3B1 

747 .8 

9.7 

1209 

4 . 18 

2.2 

5 

3B2 

153 

.40 

.3 

4 

3B3 

596 

3.70 

5.6 

2 

3C1 

1019.6 

13.5 

554 

2.85 

1 . 6 

2 

3C2 

127 

.50 

.3 

3 

3C3 

493 

2.97 

3.4 

5 

3D1 

1511 . 9 

20.3 

138 

.88 

1 . 1 

2 

3D2 

113 

.41 

.2 

4 

3D3 

392 

2 . 01 

2.6 

2 

3E1 

2001 . 9 

27 . 0 

189 

.56 

.8 

2 

3E2 

63 

.24 

.2 

4 

3E3 
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1  .  61 

1.5 

1 

3F1 

2999.5 

40 . 6 

53 

.24 

.  6 

5 

3F2 

43 

.19 

.2 

1 

3F3 

72 

.  45 

.  9 

2 
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APPENDIX  D 


ART  PEAK  AMPLITUDES 


File 

Azimuth . 

Range 

Range 

Peak  Accel 

Peak  Vel . 

Peak  Di 

Name 

Degrees 

(  m) 

(m/kt1^3) 

(cm/s2) 

(cm/s) 

(cm) 

ART1 

0 

10.0 

742.26 

637 

2 . 94 

2.5 

105 

.46 

.  6 

745 

7.28 

11 . 1 

ART  1 

60 

10.0 

563 

2.33 

2.2 

96 

.51 

.8 

632 

5.39 

5.8 

ART1 

120 

10.0 

831 

2.99 

2 . 6 

148 

.37 

.  5 

764 

7.38 

7 . 8 

ART1 

180 

10.0 

960 

4.81 

2 . 9 

96 

.66 

7.9 

515 

4.78 

5.3 

ART1 

240 

10 . 0 

752 

1.70 

1 . 0 

113 

.37 

.  7 

594 

5.09 

4 . 5 

ART1 

300 

10.0 

642 

1.27 

.  9 

113 

.37 

.  7 

506 

4.66 

5.2 

ART  2 

0 

20.0 

1476.4 

221 

1 . 14 

1.0 

67 

.29 

.  r 

191 

1.72 

1.8 

ART2 

90 

20 . 0 

204 

1.03 

.  9 

59 

.18 

.  3 

402 

2.52 

2.4 

ART  2 

144 

20.0 

225 

1  .  15 

1.3 

8  6 

.39 

.3 

228 

2.56 

3.3 

ART2 

180 

20 . 0 

131 

.  93 

50 

.16 

221 

2.05 

•I 
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File 

Azimuth. 

Range 

Range 

Peak  Accel 

Peak  V< 

Name 

Degrees 

(  m) 

(m/kt1/3) 

(cm/s2) 

(cm/s 

ART 

216 

20.0 

167 

.81 

71 

.28 

315 

1.36 

ART  2 

288 

20.0 

127 

.71 

43 

.29 

280 

2 . 18 

ART  3 

0 

30.0 

2212.2 

116 

.46 

77 

.25 

149 

.  98 

ART  3 

60 

30.0 

55 

.45 

34 

.  13 

122 

1.00 

ART  3 

120 

30.0 

80 

.47 

33 

.15 

179 

1 . 10 

ART  3 

180 

30.0 

116 

.52 

58 

.19 

113 

.  69 

ART  3 

240 

30.0 

109 

.58 

89 

.40 

192 

1.31 

ART  3 

300 

30.0 

88 

.55 

49 

.19 

153 

.  89 

ART 

LINE 

10.0 

742.3 

510 

2.70 

199 

1.21 

575 

r~  -i 

3.01 

ART 

LINE 

15 . 0 

1108 . 8 

338 

1 .28 

74 

.39 

462 

2 . 90 

ART 

LINE 

20 . 0 

1476.4 

2  33 

.  96 

65 

.23 

333 

1 .81 

Peak  Displ 
(cm) 

1 . 1 

.2 

2.0 

1 . 1 
.2 

2.4 

.5 
.  1 
1.2 

.6 
.  1 

1.5 


1  . 

.  6 

.2 

1.4 

.  7 
.3 
1.4 

.  6 
.3 
1.2 


ART  LINE 


25.0  1844.2 


141 

50 

309 


.  66 
.21 
1 . 66 


ro  o  (/> 
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File  Azimuth. 

Range 

Scaled 

Peak  Accel 

Peak  Vel. 

Name  Degrees 

(  m) 

Range 

(cm/s2 ) 

(cm/s) 

ART  LINE 

30.0 

2212.2 

88 

.  3  6 

77 

.24 

136 

1 . 04 

ART  LINE 

35.0 

2580.4 

65 

.33 

76 

.25 

64 

.  64 

ART  LINE 

40.0 

2948 . 6 

64 

.21 

61 

.19 

102 

.  60 

ART  LINE 

45.0 

3316.8 

61 

.  18 

39 

.  12 

104 

.  42 

ART  LINE 

50.0 

3685.1 

46 

.24 

43 

.  13 

66 

.43 

ART  LINE 

55.0 

4053.2 

29 

.21 

29 

.10 

45 

.32 

ART  LINE 

60.0 

4421.6 

25 

.20 

37 

.  10 

64 

.36 

Peak  Disp 
(cm) 
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This  sho**.  that  Qc  is  independent  of  lh«  d«iv  sets  and 
the  data  reduction  procedure  used.  The  Qc  value  for  the 
present  data  set  has  a  strong  frequency  dependence:  Qc 
increases  with  frequency  proportional  to  fn.  where  n  was 
found  to  he  0.95.  This  n  value  is  nearly  the  same  as 
that  ruinated  for  the  active  continents  and  is  probably 
representative  of  the  active  island  arcs. 

9:45 

CHahACTER 1ST  I CS  OP  SCATTERING  AND  ATTENUATION  STRUCTURE  IN 
NORTMfcASTCHN  JAPAN 

MATSUNOTO,  S.  and  HASECAttA.  a. 

Observation  Center  for  PrediCtlun  of  Fai  U.qunkes  and 
Volcanic  Eruptions,  Faculty  of  Science.  Tghuku  Univeisity. 
Send# i .  J span 

Based  on  the  single  scattering  model.  back  scattering 
coefficient  tg>  and  coda-Q  value  (Oc  >  ai e  estimated  f«M 
several  frequency  band*  from  the  amplitude  ratio  of  coda- 
to  S-wavf  and  from  the  time  decay  of  the  ratio.  The 
estimated  g-value  a(  each  station  ranges  from  lu*1  to  Kj-1 
at  4  -  2  4  H  2 .  The  Qc  value  shows  a  regional  variation  and 

frequency  deoendence  of  the  form  Qc  it:  ff  ,  where  n  is 
found  to  be  0  -  7  *  1 . 0  . 

a  method  tu  estimate  'wo  dimensional  Q<  stiurturr  is 
developed  to  see  the  r  eg  in»i  variation  of  the  Qc.  T>»e 
Qc  value  at  each  grid  point  spatially  d  i  a  l  r  i  bu  t  eri  van 
estimated  by  averaging  the  Qc  values  of  many  evrn t - s i a t  n>n 
pairs  with  adequate  weighting  factor  The  weighting 

factor  at  each  grid  point  *#s  calculated  by  using  the 
distance  from  each  grid  to  the  station  ano  the  snirice. 
The  obtained  ivo  d  i  men«  >  uoa  i  Qr  ‘Structure  shown  its 
relation  to  S-wav"  veioeily  structure;  the  lnw-uc  region 
corresponds  to  the  low  velocity  region.  and  the  Ingh-Qc 
region  to  the  high  velocity  region. 

10:00 

vAr :  at t •  %  or  cc:a  ■:  f-apthquake  seQ'itfiCE 

wan:.  j.h  .  te.'.t.  t  ,  or.n  ma,  k.f.,  ir.s*.  ;tv*e  ot 
F.arr.r.  Gc :  i-nce  l  ,  Acad»- i  a  Sinica.  P.O.  Box  ?3-b9, 
Taip»?»,  Taiwsr.,  ;G'b4,  F.^.C 


Tr.c  May  20 .  \eyzr,  |l  ja  .  .  «*r.  cor  i.'.q  j  a  *"*  '.nq-jor.  cc  oc'.urreq 
t :rt  northeastern  T^ivar.  Tr.e  m.a  i  o  sr.oce  va: 

tol  lowed  by  a  atr  number  of  ar.aiio-  ar.<J 
C 1  .ts*; /-ciu3r  etei  af.  *.•  r:r  3c<i  wr.r,  the  large;.*  bcir.q  a 
a  ever.;  A ' * e r -.no * * i  Jorred  r, wo  clusters  cer.iereo 
a-,  reef '*“»  i  ve ,  ■ ,  <  >*-  a*  q  \ «  rf  *ie;.r  ►.  .  or,**  **stxor  tw;> 
cl  *"*•  71. -ir  Te*er*.*e  r  icisn?  network  .  s  .  rCA’.ti  ir 
the  ?,i‘i.M  ct  ,.r.**s**  t  wr,  cl  ;*/er  j  and  oivc.  «.<c  • .  1 
ci:.S“-  .r.  r?cc,roif.a:  of  tr.e  er.tire  eartnqua*”  seq  .er.ee, 

T:  ■  •  e  ftv.  Sir. its  r  .  •*  *r..ie  wf  for»  ...wkx  occurred  .  ■ 
rr...  son.**  sc -ice  ar»j  0:;**:  a  ur.-’je  opportune./  ir.  ♦..*.»• 
stud*,  of  spsp;a.  ar  o  -emporai  variation  of  coda  0  ir.  a 
te'ji'-r.  of  j".  ,v«  Syr  d  ji-.t-  or.  fror  recor  j  ir.qo  of  a  pea- 
r*r  joint#*  har.o  certt  cc?  S  H;.  *»•  nave  found  tr.a- 

1.  The  afro.vr:-.  rodj  *  r.ea:  ar.  ac:.v«  mt.'J  j'-ti-.n  reyicr. 
car  r.'-  a'.  .*>-*  at  *.•)•,  ?  Tr.*:-  is  a  nqn.t  icar.»  drop  of 

coo  i  ,  imn  tdi -j*  y  a:-::  tr.«-  raif.  shoe*  Tm*.  a/v;. 

Us’ri  at'.-;',  tv-.,  ai.*.  returnin')  so  thy  arroie't 

;  T -i  r  u:  .  cear.l *•  d  i  f  J  or e:..-e  c  r,ci  j 
i'  :  S'ortuy  o  r  :  f  i  nar  .  r.'j  f  i  or-.  :»■••  two  sufferer.' 
a  r  *  er  *  r.u-.  *.  d.  ■*'*.•:  N-.  5  ;gr- .  f  icar.t  ir. 

ccca  1 :  Juuii'i  :.*■*  ji'-  *-c  main  --r.oc/. . 

10:15 

LO-WAVt  ATT  Ef.i  AT  JON  AM;  S,  I  T  L  LM  f.CTS  Of  TAJWA.*.  A P F  A 

T/^y-^hyn  Shin,  Centra!  Weather  fluieau.  Tuif-ei.  Taiw.tr,. 
H  .  u  C  . 


Diqitai  se  lunvqr  ar,3  of  V)  ea  rt  haqu.ik"*  recvided  by  Central 
Kedfh**r  bure^ij  Sen  >ic  N^t work  r  CWBSN 1  ar«*  used  to  study  tr.e 
c  ha  r  if  t  r  r  1  a  1 1  <:  s  of  I.t  ■  wave  in  taiwjn  AJ  1  earthquakes 

are  umfvrniy  oiati  iiiuted  in  Lhres  main  teytoni'-  reqioi.N  o * 
Taiwan.  Neverthe  .  the  averayeiJ  'iroup  v.*IoClt'/  J.2-3.S 
Hr.  /  sey  and  ~onsr.  1  ruous  wave  trains  show.  tr,.ir  the 

|*ropd'j.»t  ion  of  I. '/-wave  is  not  apparently  a  f  f  t  e-J  t»v  th» 
»*.  xuctural  variaijori,  I  run  a  peer  r*t  I  auaiyais.  I#»j-wav*» 
at  trniMt  lun  1*  of  the  form  of  lUOf  in  lft»-  f  1  equ**iie^  ranq.. 
of  0.7  io  o  ll/.  <  ur.pa  r  1  nq  to  t  tie  C*i«la-Q  oh*  <•  1  i.*"J  fr.,i>,  t  1, 
Wrtrx-  area.  1  l|/  Lu  V  in  oompa'  ible  to  i  Hi  Cod*-',-,  but 
coda-wav*  a*,  tofiuat  «•»  fa«i  at  hiqn  f  re»juer,»*y . 

The  residual.  ratio  of  observed  «[!•■>.  t  1 ,1 1  ar.j»l  1  tu-J.*  to 

theor  et  I'-d  1  value.  1*  found  to  be  I  ndeper,, jer,i  uf  ef  •  1 'cn  1 1  a  I 

Uis'arH.-e  arid  a/mut  11.  These  re3ul's  imply  thar  t  fi»- 

varia'l'Ui  0/  spectral  amplitude  j  *  i,.ft  cau'te.j  i.y  th- 
VaiJ.ltJ',1.  »jf  qe.,1 'jq  !»;.»  I  str>)''<ire  4ti-|  th  diffet'-r.i, 

es;  i»  o*  i'»ii  of  %  .‘J  1 '  c  .  Thun.  ar.1t  100  u  1 1  ••  u-i-i  i  f  ■ 


a'  t u 
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t(."  si*.*: 

f  r  »■■  fii*'  f ,e  ■ 
18  1  a  r  -v 
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th" 


/'./  the  regi  dual.  fly  rej,«.apiii 
iv  Buj'ii  f  1  or,  the  band  (J ,  7  to  »,  H  r 
amplifi-  i'lon  •Irpends  n'ror.-jly  on  si 
The  a'.pl  i  f  1  r;a t  1  on  fi(  tt  a*  toni,  a' 
by  a  fa'  tor  of  2  to  T  n*ni  1  v»-  to 
Tw-,  Mi'/t.  ,|f  f,»i|]l  /Oil”  •vl.lt. 
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SCATTERING  AND  INTRINSIC  ARSOfcmON  IN  THE  LITHOSPHERE 
BENEATH  NORTHERN  AUSTRALIA 

KORN.  M..  Research  School  of  isriti  Scicmaa,  Australian  National 
University.  Canberra.  ACT  2601,  Australia. 

1  have  studied  the  f  coda  of  IndoocsdM  earihqwakei  recorded  at  (he 
Warramunga  Array  (WRa)  in  central  Australia  for  1  broad  range  of  source 
depths  An  increase  of  coda  energy  relative  10  the  direct  arrivals  is  observed 
when  source  depth  decreases.  Cshvrcmcy  measaicmcnis  by  means  of 
semblance-enhanced  sucks  exhibit  that  ifce  coda  a/  deep-focus  cverti  ,1 
mostly  incoherent  across  the  array,  wlufe  tfca  cod*  of  shallower  events 
contains  a  certain  amount  of  coherent  oEcrgy.  TV  coherent  arrivals  are 
produced  by  reflections  from  plane  layering  and  possibly  by  tarjer- scale 
heterogeneities  in  the  deeper  iithotphere  Small-scale  heterontoeihei  close  to 
;hc  ik.Tnc,,,  HwVdCi,  3i<  iwtpviuii/ic  i«  i,'.«  |Cim«uv»  vi  ui«  nik^ncreni 
part  of  the  coda.  To  further  study  the  wall-scale  fluctuations  of  the  seismic 
parameters  1  have  computed  the  time  decay  of  the  power  spectral  density  of 
the  P  coda  of  deep-focus  events  Aa  ettergy-Hui  model  which  assumes 
multiple  scattering  and  allows  for  the  inrtapeadent  determination  of  intrinsic  Q 
and  scattering  0  has  been  fitted  to  the  data  The  results  show  an  almost 
linear  increase  of  intrinsic  Q  with  frequeacy  Q  n  about  TOO  at  1  Hz  The 
frequency  dependence  of  scattering  Q  n  somewhat  less  pronounced  wim  a 
value  of  about  T<0  at  I  Hz  and  an  espoaent  of  0  85  A  comparison  of  ims 
frequency  dependence  with  results  from  single  scattering  theory  imply  a 
correlation  'engih  of  about  5.3  km  and  a  rots  velocity  fluctuation  of  5%  for 
the  scattering  medium. 
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TIC  AN  11  STOCHASTIC  EHLCT5 

STUHF.  8.U- ,  iOCAAKOS,  M.A..  bcpjrtavni  <>l  Ccr l-»s: l*  d  l  S’tencv*. 
Southern  Hechoqist  L'niversic  v .  Oj'-Ijv.  Texas  ’527S;  HE.INKE,  R.E., 
AFVL/HTESC,  K Ir t  len’l  At' Is ,  S'M  fl  7 1  , 7 -#>00«s 
CeoloRl*;  scruccures  can  be  Jivlued  Into  afochastl  jnrl  dereraimst  1C 
components.  From  the  pui-.c  of  view  of  »eis--ic  wavt-  preparation  trie 
deterministic  cooponent  of  tm  iny->lves  a  SK’dcl  in  whifh  velocities 
change  in  the  vertical  direction.  The  stochastic  t,  ciasai.'ied 

as  a  distribution  of  inr.unn£t  n*- 1  (  1  ei  and  is  c  rvar  ac  l  er  1  xrd  in  cm1,  of 
inhoom/eneltv  site  and  veio'-if.  .  imroi.  T:.r  separat  ;on  of  cr.es •• 
>;e»luKi.  prvparties  have  irpln  Jii.i"  on  pri..iiw|  n-r  1  .n  piedicti.i.  an*: 
the  uc  1 1  lcat  ion  of  selsot'  lnt  .rr.uiun  .  A  set  >t  site  t.  har.tr  t  v  r  1 1  j  t  1  vn 
procedures  were  designed  and  tmplcwcnte.i  tor  the  resolution  ot  such 
properties.  The  field  technique  invnivcs  the  terricval  of  full  wave 
Itlinorries  at  closely  sp a.eu  sites  alone  eicnt  radials  eaanatlhe  from 
a  central  lun'rs.  The  goa;  n(  this  parti'-ular  nepir.sw'.t  was  thr 
‘‘liaract  er  liar  ton  of  tne  too  »'jr.  ,u  tne  tut  vnir*.  «<•*.,  uni  m  ’  i*. 
spreads  at  In  increments.  Treating  the  eigr.t  obsrrvif  usm  jr  ej.  r. 
renc.v  as  an  enaesble.  frequrnev  domain  mean  and  variance  estl'ire*  were 
®ad e .  T tie  atari  normalized  variance,  coerfi'rnc  of  variation  >■  ta 
then  used  aj  a  Measure  of  lateral  variation  ;n  wavefnres  At  i-.w 
freouen«ies  f'3C  Hzi  tne  CV  value*,  arc  soa  1 1  reflecting  iitrie 

special  variation  m  Che  wavefi»|.i  As  freojenev  nr  rany<e  Inrrraves. 
the  CV  exponent  la  l  J  y  appr<>ar  nc »  l  indicstivr  of  s'ronj;  lateral  varu- 
t  Ions  in  the  vavefivld-  This  infoneatiun  it  ut'.li/**'!  in  rontfrjininit 
the  stochastic  site  nndel  J«.  order  5<i  ff><-iis  on  the  separation  of 
wave  types  and  eonarrain  velurittes  ejri,  ..ne  dimensional  aia  of  the 
arrav  i<i  useo  In  f  rnjurnc /-v.i /.-numoet  *  f-y  )  esf  itn.i t cw .  A  (mite  number 
5;  i  values  arc  assumed  leadin*;  tw  a  burg  model  f'»r  the  Y  spertra. 

Tiitve  estimates  are  used  ji.  const  raintr./  ae  c  e  r  r :  r.  1  s  t »/  Hi-iei  . 

11:00 

AH  tZPl.R  |  MENTAL  *VA(.UAT10M  OF  5T0r.MA-.Tir  GFOUOMC  EFFECTS  0*1  MEaR- 
Fftl.b  i.U OUMb  MOTION 

HEIHKE.  Rr.  a:I0  FM.l**.  r  u  ,  a.«  Fo.re  Uvapons  L.sbo'a  ( orv . 

Kir*  land  AFR  ftH  H7 1 .  *  ObO« .  STUMI*.  E  W.  .  Den*  ol  Crf  .  ,e.cal 
Seen'*!,  S'lM'htrn  *V-  *  r.»,q  i  %  t  university.  i/ali«»  7',;.", 

A  lilgn  r.plosivf  lx|if  inent  was  design'd  n  quint  i  iv  the  effeert  -»f 
rando-’  geologic  Ihhoev  /er.eit  ir  t  op'jt-  :f.e  <e>a  1 1  -  Si  a  I  e  vjiiaDillty  in 
gtour.:  motion  and  t »  i«iii»  t  he  relative  jnt'  ■•(  the 

de  t  e  rr  i  n  i  s  i  i  c  and  SCO'.r.atttc  c  om^nnen  t  t  o(  t  ne  gr'.u.d  ■••*  ,..n  vo, 
field  The  experiment  involved  the  detonation  of  amill  (  l  CjO  It.i 
tKpl't'  "  '.harges  upon  a  test  bed  where  the  tubin' I  Jre  r.cylojry  na  I 
been  char  a' t  e  -  1 1  ed  ir,  J  higti  ceiolutior.  pinner  7'-'  'tFmiiv'lv 
induced  g r u'ltvl  mo'  inns  were  recorded  bv  iufltiO^*"n  (■lared  *’  n( 
azimuths  »'  i  .1  //i  o*  10.  2(1 .  and  )0  peters.  T  h>-  *<i  btur  |  j<- e  sire 
O-Jract  er  lta(  l  ,l<  et|.»ft  included  high  reint'Kim.  *ri%pic  survey,  ar.d 
closel,  spaced  ■  one  prr.r:  M.ur'rr  let's  as  wr- 1  I  as  .Jr<llit>f  and 
■  amp  I  i-m  The  tlte  »  t-a  r  a '  *.  e  f  i  <  »  r  i  on  |.ro"l|  uji  designed  to  V  i  e  1  .J 
a  g'  nd  ki'.ii,i'«|  il.siir  tri  i/i'  i  )(i  of  the  I  i  >.  a  t  variability 
presei.'  in  the  'n-  bed  subs'i'tace  Thi  »  ttaiisticai  cha  i  ac  f  e  r : /a  t  l';n 
Vt  11  b*  it.'.O'  porat  ej  ‘nln  iMiUiist  K  mod'll  of  '.he  observed  ground 
trnfloi'  field. 

11:15 

HIM!  !,7V».-.'i  ATTl  NIIA  I  |*/H  Mt*  t'JXF  Ml  *1T  '<  AMO  WA/»  »*'--'H  H'tOM.l.INC 
A  Mil  l  P  ‘.'tri .  r  r  4f.-i  Ifi.'i/i  .  r  L-,  Alt  F-.i'f  Veapr.ns  i,ibutii<.'/. 
Finland  A  Mi  *im  Mi; 

A  I  li.'d  v  I  »•  r.e  |  4  »  '  |  -  tni-l'  JPt  0  mod  '1  v  a  j  I '  I  •  p  S^wle  |  esp  i  -jS  I  7<  I  V 
indu'e-j  hlg'.  I't'st  /t.iunl  no'  ions  it;  a  1  l  u '  •  ■'»  Ol'a  sets  from  tvi 
M<t-  evpiuiivc  te»'-.  '.oo dll'-  '  e  :  a '  levitate  i  > '  *  we  t  <■  aod'led  .sire 
t'.is  teenmow-  O'-'  irn  c.*"*il'»d  ,f  a  20-'  >'  fy'*r  i'll  n  i '  r  im  *  \a:  e 
Ctiarpe  lernnated  In  alluvium  a*  a  depth  of  7b  s'’*u.  thx  other,  a  Is.. 
fWt  .|C  *  e.J  I',  a  |  1  •!  /  I  t.n  ,  w  1  •  .1  ?'•».- l*p  TM  sphere  •!••>. ■■■red  *’  *  lee.':,  of 
'i  pie  i  e  r  4  Ti. <*  s ir.«  1 1 ■  •  e  *  t  was  de  «  ■  C"*'1  4  ■•be-i  '  i»"'  v  1  e  I  d  sal*' 

1  l  Q"er  (ipr.  y.b  lbs.  '  ’i"'r,  f  r-.n,  7'i  •-■r.s*  V'  t  r  used  it  1'cit" 

(u'.i  t  tuns  for  to*  #.0"»t  j"  « upa  pt-t '  1  i-.'i-l  .'.d  'hi  a  1  •  l  a  f  ■  /« 

1  sot.!  w*i'  ••.'an-  •  <  -  w»e.  t  Ir  tvr.'ie'i-  «*••!  *»i.v*rverl  wiv*l>.i-i 

v  s  i  n  ^  Thu  r  echn  1  *|.,e .  7i»  ■/  s  fe<jnf-l  to  o'.'ai'*  a  K"vd  “Mien  rur  the 
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present  4«t*  s*t  has  a  Strom  frequency  dependence; 
increases  with  frequency  proportional  to  f  ,  where  n 


This  shows  thai  Qc  is  independent  of  the  data  sets  and 
the  data  reduction  procedure  used.  The  Qc  value  for  the 

Qc 
was 

found  to  be  0.95.  This  n  value  is  nearly  the  same  as 
that  estimated  for  the  active  continents  and  is  probably 
representative  of  the  active  island  arc*. 

9:45 

CHARACTER  I  ST  ICS  OF  scattering  and  ATTENUATION  SI  IIUC1  UIU-:  IN 
NORTHEASTERN  JAPaN 

NATSUNOTO.  S.  and  HASEGAWa.  A. 

Observation  Center  for  Prediction  of  Fai thquAkes  and 
Volcanic  Erupt  iota ,  Faculty  of  Science,  Tohuku  University. 
Sendai ,  Japan 

Based  on  the  uncle  scattering  Model,  back  scattering 
coefficient  ig)  and  coda-Q  value  (QC)  are  estimated  foi 
several  frequency  bands  from  the  amplitude  ratio  of  coda- 
to  S-wave  and  from  the  ttme  decay  of  the  latio.  The 
estimated  g-value  at  each  station  ranges  from  1 o • 1  to  in*1 
at  4-?4Hz.  The  Qc  value  shows  a  regional  variation  and 
frequency  dependence  of  the  form  Qc  ic  f",  -here  n  m 
found  to  be  0.7-1 .0  . 

A  method  to  estimate  two  dimensional  Qc  siturtuic  is 
developed  to  see  the  regional  variation  of  the  Qc .  The 
Qc  value  at  each  grid  Point  spatially  distributed  -ns 
estimated  by  averaging  the  qc  values  of  many  event -s  tat  i  .in 
pair*  with  adequate  weighting  factui.  The  weighting 

factor  at  each  grid  point  wan  calculated  by  using  the 
distance  from  each  grid  to  the  station  and  the  source. 
The  obtained  two  dimensional  Qc  structure  shows  its 
relation  to  S”*ave  velocity  structure;  the  Inw-Qc  region 
corresponds  to  the  low  velucity  tegiun,  and  the  high-Qc 
region  to  tne  hi^i  velocity  region. 

10:00 

VARIATION  CF  COt-A  Q  DUPING  AN  EAP7HQUAKE  SEQ'-'ENOE 

WANG,  J.H  ,  TfiN-j,  T.L.,  ana  MA,  K.F..  Institute  Of 
Earth  Sciences.  Acatsemia  Siruca,  P.O.  Box  2j-b9, 
Tespei,  Taiwan,  10764,  P.G.C. 


The  May  Hualien  ear tr.q-jaxe  sequence  occ-jrrea  if. 

the  northeastorn  Taiwan.  The  M-5.9  main  sr.ocr  was 
follower  By  a  large  nuirncr  of  sr.alipw  a  no 
cio5eiy-ciu3teres  af:-*rs:.ocks  with  tr.e  largest  being  a 
M-5.5  event.  Af:  er  sr.ssr  s  farmed  two  clusters  centered 

as.  I  •..*  o ir.  G-  -  *  .*.  «r. -o.. 

of  tne  Ta;-ar.  7e.».— e'.vrvo  ieicruc  Network  is  .  ica'eo  :r. 
the  nddie  of  th*s*.*  two  c.;sters  ana  gives  excellent 
close-in  record. no-;  of  the  entire  eartnquaiie  sequence. 
T”’  -e  re<-  Itr.qs  p.m  *  n.  -t-  of  foreshocks  occurred  m 
tru  same  soutce  area  o:.'er  a  unique  opportunity  m  tne 
s-v-iy  of  spat  .a  1  arij  tvrpoiai  variation  of  cooa  Z  in  a 
region  of  active  subduct  ior. .  Prom  recordings  of  a  pear 
response  r>ar.q  centered  about  5  Hr.  we  have  found  tnat : 
]  The  omojcr.t  ccr,a  Q  near  an  active  subduct  ion  region 
can  be  as  :o*  as  100.  ?  .  There  is  a  significant  drop  ot 

coda  rj  immediately  af»»r  the  mair  shot/  ^hii  dror- 
1  a,.,.':o  about  two  days  returning  to  tne  araien1 

lev- 1  j.  Tnp.'-:  .5  a  not  iccdui?  difference  of  coda  Z 


for 


or  .  g  mat  - r. 


a :  ter:,  hoc  t  cJjs'c:'. 
C'-da  0  is  found  before 


g  from  tne  two  differ'’ 

No  significant  decrease 
main  shock. 


m 


10:15 


10:30 

SCATTERING  AND  INTRINSIC  ABSORPTION  IN  THE  LITHOSPHERE 
BENEATH  NORTHERN  AUSTRALIA 

KORN.  M.,  Research  School  of  Earth  Sciences,  Australian  National 
Uni verjtiy.  Canberra.  ACT  2601.  Australia. 

I  have  studied  the  P  coda  of  Indonesian  earthquakes  recorded  ai  the 
Warramunga  Array  (WRa)  in  central  Australia  for  a  broad  range  at  source 
depths.  An  increase  of  coda  energy  relative  to  the  direct  arrivals  u  observed 
when  sourer  depth  decreases.  Coherency  measurements  by  Means  ot 
semblance -enhanced  stacks  exhibit  that  the  coda  of  deep-  focus  mnu 
mostly  incoherent  across  the  array,  while  she  coda  of  shallower  even:- 
contains  a  certain  amount  of  coherent  energy  The  coherent  irrmls  are 

produced  by  reflections  from  piane  layering  and  poesibly  by  torger*Kaie 
heterogeneities  in  the  deeper  lithosphere.  Small-scale  heterocrneiucs  close  to 

the  iCCCiVv’r*.  hu»«v*i.  are  ii>Pvm*iv>v.  ««•  m*  gcovianuu  <m  me  im-vhctent 
part  of  ihe  coda  To  further  study  the  small-scale  Huctuatiofts  of  the  seismic 
parameters  1  have  computed  (he  time  decay  of  the  power  spectral  density  of 
ihe  P  coda  of  deep-focus  events  Aft  energy-flux  model  which  assumes 
multiple  scattering  and  allots  for  the  independent  determination  of  imumsic  O 
and  scattering  Q  has  been  fitted  to  the  data.  The  results  show  *a  almost 
linear  increase  of  intrinsic  Q  with  frequency.  Q  u  about  300  ai  I  Hi.  The 
frequency  dependence  of  scattering  Q  is  somewhat  less  pronounced  with  a 
value  of  about  )40  at  I  Hz  and  an  exponent  of  0.83  A  cqtnpirooa  of  this 
frequency  dependence  with  resutts  from  single  scattering  theory  imply  a 
correlation  length  of  about  3.5  km  and  a  rms  velocity  fluctuation  of  5%  for 
the  scattering  medium 

10:45 

NEAR  SURFACE  CEOLOCtC  SITE  CHARACTERIZATION  -  SEPARATION  OF  UtThR.MlI.TS- 
TIC  AND  STOCHASTIC  EFFECTS 

STUMP.  B.W..  BOCAARD  j  .  H.  A,  ,  bvixttoiriit  ur  Uru|nrit)l  5>‘ ie*ir«r-» . 

Southern  Methodist  I'niwrlttv,  b.,.  Idi,  Texas  75273;  KEl.VKE.  R.F... 

AFWiyNTESr..  Kirtljnd  AEB.  NM  S 7 1  l  -t»00K 
Geologic  Structure*  can  b».-  divided  Into  sin-hustle  and  det  erst  iniK  l  : 
components.  From  the  point  of  view  ot  seismic  wave  propagation  tr.e 
deterounlatlc  coapnr.mc  of  Cun  involve*  j  nuocl  in  winch  velocities 
change  in  the  vertical  direction.  The  -.tui.  tiaat  lc  model  is  classified 
as  a  distribution  of  i  nfaunogctie  it  U1*  and  is  .ri.arar  ter  i  z  ed  in  cerm»  vf 
inhomogent-it v  size  and  velocity  coftt  'ast  .  The  separation  uf  these 
geologic  prnperries  h.ive  imp  1  ) «  .it  i-m*  on  /.ro-ind  motion  predi’tivn  a.  • 
Che  utilization  ot  seismic  intern-,  it  ivn.  ,\  »-*c  ->t  site  cnar  it  t  t-r  it.it  ion 
procedure*  were  designed  *nu  implemented  tor  the  resolution  ot  su-.n 
properties*.  The  field  technique  involves  che  retrieval  of  full  wave 
seismograms  at  closeiv  spaced  site*  a  loin;  eigut  radian  evnid'iv  iron-, 
a  central  source.  The  goal  ot  chis  pirci'uljr  caper l r-  c  vas  th«* 
Cfunctrr  uauuii  oi  me  'up  lui'  -i-  cue  tile  which  re*-  .  .  eu  m  / 
spreaa*  at  lm  increments.  Treating  the  ei<»'t  observations  ar  earn 
range  as  an  ensemo le .  frequenev  donum  mean  and  variance  estimate*  were 
made.  The  nejn  normalized  variance,  coetficcnt  of  variation  (C7,,  is 
then  used  as  a  measure  of  lateral  variatiur  in  waveforou.  At  low 
frequencies  f‘30  Hzj  che  c V  values  an-  small  <•  .41  refueling  little 
spatial  variation  in  the  vavefielj  A*  frequency  nr  range  increases, 
the  CV  exponentially  approarhe*  1  nilicJ.ivt  nr  stronp.  lateral  varia¬ 
tions  in  the  vavefield.  Tins-  Inr  f.rn.u  mn  is  utilized  in  rone  t  raining 
the  stochastl'  site  model.  (n  ntdi-r  to  or.  the  separation  j| 

wave  type*  and  constrain  velocities  cam  onr  d  imenaiona;  arm  ot  the 
array  is  used  m  frequent  /-w.ivc-iumr.vr '  F-»  »  ■siiaiui.  A  (mice  n<iir,ber 
ol  V  values  are  assumed  leading  u  .«  Burg  ’-.od  :  1  I  n  r  fhe  Fi  spi-otrj. 

These  estimates  ate  U*eq  in  r-jiMr.nmn*;  tne  deterministic  SKiUei. 


m 


LG -WAV*  ATTENUATION  AND  SITE  EFFECTS  OF  TAIWAN  AREA 

Tzjy-Chyn  Shin.  Ccr.ErAl  heat:,  tr  Bureau.  Taipr;.  Taiwan, 
ft  .  O  ,  r;  . 

Digital  seispi'iqra"’!  of  55  rd  r  f.haquak^a  rrcordrd  Ly  Central 
Weather  Bureau  Seismic  Ne f wo r k ( CWBSN >  are  used  to  study  th» 
Chardctenstica  of  Lq-wave  in  taiwan  area.  All  earthquakes 
are  uniformly  d  lis  L  r  i  bu  Led  in  three  main  tectonic-  region*  of 
Taiwan.  Neverthe less ,  the  averaged  group  velocity  3.  2-3.  5 
km/ sec  and  conspicuous  wave  trains  show  that  the 

propagation  uf  Lq-wave  is  not.  apparently  affectr-j  by  the 
structural  variation.  from  spectral  anaivnis.  Lg-wave 
attenuation  is  of  th.*  form  of  iOOf  in  the  frequency  rang*- 
of  f J .  7  to  b  Hz.  Comparing  to  the  Coda-fJ  obtained  f  «om  the 
tame  area.  1  Hz  Lq-Q  18  compatible  to  1  Hz  Cuda-g.  but 
coda-wave  attenuates  fast  at  high  frequency. 

Th.-  residua;,  rati*,  of  observed  spectral  amplitude  to 
theoretical  vaiue,  is  found  to  c-e  independent  of  epi»-entral 
distance  and  azimuth.  These  results  imp I /  that  » h- 

variation  of  spectral  amplitude  is  not  caused  by  tr.e 
variation  of  geological  structure  and  ;  h»-  differ«r' 
excitation  of  d'l-ir'i*.  Thus,  station  site  amp lifica'ion 
account  h  f’i  t  t  he  r  es  l  dua  1  •  By  r  epea  f  i  i.g  r  ei,  r*-s  s  i  *»n 

analysis.  results  from  the  hand  0.7  t,..  t>  Hz  ir.dica'*'  t.h-i' 
th»-  site  .imp]  ifi';ar  i«/»i  depends  strongly  yn  uir.-  logy  and 

frequency.  The  anp  I  i  l  i  ca  •  l  on  of  atatioris  a  f  */-4ih.-ni  »  i  l  c 

large  by  a  factor  of  2  to  3  relative  r.«  t)i<-  average 
Br  at  l  or. .  Two  sitcfi  jr  f  ,Vi  ]  r  Zr»iie  exbil.it  dec  rea  s  i  r>g 

Amplification  with  t  e  spe*- 1  to  i  ft/-r».-.iR  i  ng  f  rego.-nr  /,  klg  i» 
the  hard  roex  sites  behave  rtvp'-aitl/. 


AM  tXPtR  l  MENT>  L  EVALUATION  OF  STOCUAbTlC  OF.OtOGIC  CFFECT5  OK  NEAR- 
FtELO  GROUND  MOTION 

REIMKE  .  R  F..  AND  FF  LT  ~F  .  C  W 
R  l  r  r  l  and  AFB  ft**  8/ll?-»»f-08  STi^P. 

Gc  l  «■>••»,  S-/-i')>v.i,  tic  t  'Jui-. 

A  tilgh  oplonvr  rxperirvrni  doi 

ran<1or-  geologic  inlif.nu.f.Oiri'  u>i  upon 
ground  ir.g;  ion  an'J  CO  determine  che 
de  C  *  r "t i  r. i  ■  t  1 1  llf-rliiit  u  «.  omponen t  •  of  t 

field-  The  fieri  Irene  involved  tt  defonaci 


Force  Ut  ipom  l.jLvratorv. 

8  U  .  Drpi  o l  Ceidoncal 

.  CX.  ; : «•  :x 

r d  '.O  'i-jinf  i  I  v  (hi  flier  t 

'if  4">all-*cjle  »ir  ut/il  /  / 

-  i  n(.m  c  anc  e  ot  It.f 

f  the  KCui'd  notion  “hr 

of  »B4l I  (  100  It  ' 
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EFFEC'.'S  OF  SOURCE  DEPTH  ON  NEAR-SOURCE  SEISMOGRAMS 
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Abstract.  Source  depth  effects  are  examined  for 
five  115-kg  trinitrotoluene  (TNT)  explosions 
buried  at  depths  ranging  from  the  optimum  crater¬ 
ing  depth  of  1.8  m  to  the  fully  contained  depth 
of  11.5  m.  Data  were  recovered  at  near  source 
ranges  from  17  to  228  m.  The  waveforms  are 
dominated  by  P  and  SV-Rayleigh  energy.  Deptn 
effects  are  evident  in  the  increase  of  P  to  SV- 
Rayleigh  amputude  ratios  and  in  the  twofold 
Increase  of  hign- frequency  energy  for  the  deeper 
sources.  Tneorelicai  propigation  depth  effects 
are  modeled  by  Green's  functions  calculated  for  a 
velooity  gradient  whicn  approximates  the  velocity 
structure  of  the  experimental  site.  The  effects 
of  depth  on  the  explosion  source  function  are 
predicted  using  the  scaling  laws  of  Mueller  and 
Murp.ny  M97U.  These  models  did  not  reproduce 
the  observed  twofold  increase  of  high-frequency 
energy.  Tne  discrepancy  between  the  model  and 
observations  is  attributed  to  increased  coupling 
of  h; gn  frequency  P  wave  energy  for  fully  con¬ 
tained  sources.  Energy  calculations  confirm  that 
the  shallowest  event  coupled  R01  arid  the  fully 
contained  event  80  J  of  tne  total  seismic  energy 
into  the  P  wave.  Source  coupling  efficiencies 
ranged  from  0.7-1.01  for  tne  near  surfa'v  source 
to  1.5-2.91  for  tru-  fully  contained  explosion. 

j  nt.roduot  ion 

Tne  object  of  this  study  is  a  quantitative  and 
theoretical  investigation  of  the  physical 
processes  which  act  as  a  function  of  source  deptn 
in  producing  near-source  explosion  waveform-.  An 
understanding  of  tnege  processes  is  essential  to 
the  problem  of  characterizing  trie  deptn  of  trie 
se.smic  event.  Tne  anility  to  determine  source 
depth  lo  important  to  discrimination  and  yield 
st  idles,  where  estimates  of  yieio  are  dependent 
on  the  bj-ial  dept.',  of  tne  source  [.Mueller  and 
Murp.ny ,  197  1  ~ . 

Tne  problem  of  characterizing  tne  deptn  of  a 
seismic  event  is  one  which  involves  two  broad 
aspect.:  propagation  effects  union  act  as  a 

function  of  depth,  and  cnangos  in  tne  nature  of 
tne  source  function  at  its  burial  depth  Changes. 
A  spherically  symmetric  explosion  a  good 

sou  re  of  compress. onai  wave  energy,  wn.ie  a 
cylindrical’.:.'  symmetric  explosion,  one  that  is 
close  to  in-.'  i  ret-  surface  and  only  parti  illy 
contained,  is  a  richer  source  of  SV  arid  Rayleigh 
wave  e.vrg/.  True  there  i;  -i  rei at i onsr* i P  between 
the  F  and  Ka/ie.gn  wave  energy  of  an  explosion 
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that  is  dictated  to  some  extent  by  the  burial 
depth  of  the  event. 

The  free  surface  contributes  the  moat 
important  propagation  effects  to  the  source  depth 
problem.  Rayleigh  wave  excitation  is  directly 
attributed  to  the  presence  of  the  free  surface 
boundary.  Tne  source's  proximity  to  this  boundary 
affects  its  ability  to  excite  surface  wave 
energy.  Tne  dependence  of  Rayleigh  amplitudes  on 
earthquake  source  depths  has  been  observed  by 
many  autnors.  LEissie'-  and  K.anamori,  19buj 
estimated  source  deptns  of  Hawaiian  earthquakes 
from  the  ratios  of  body  to  su-face  wave  ampli¬ 
tudes.  On  a  smaller  scale,  [Dobrin  et  al.,  19b1 j 
quantified  tne  decay  of  Rayleign  amplitudes  for 
explosions  buried  from  20  to  300  ft.  The  Rayleigh 
decay  is  predominantly  a  function  of  tne  change 
in  propagation  path  with  depth,  but  Tor  very 
snallow  sources  an  increase  in  source  coupling 
serves  to  increase  tne  Rayleign  amplitude  witn 
depth. 

Tne  interference  of  pP  and  other  free  su-face 
reflections  with  the  direct  P  arrival  is  another 
phenomenon  dependent  on  the  depth  of  tne  source. 
The  free  surtace  reflection  creates  interference 
phenomena  that  present  difficulties  in  tne 
frequency  domain  wnere  spectral  techniques  are 
u3ed  to  estimate  various  source  parameters 
[Langston,  1 97  S  j . 

With  Dotn  source  and  propagation  effects 
contributing  a  depth  dependence  to  the  P  and  the 
surface  wave,  tne  relationship  between  these  two 
arrivals  can  be  a  complicated  function  of  source 
deptn.  Tnis  study  is  intendel  to  quantitatively 
assess  tne  effects  of  the  deptn  of  the  source  on 
P  and  Rayleigh  arrivals,  arid  to  distinguish  tne 
effects  of  depth  on  the  source  function  and  the 
propagation  terms. 

Tnis  study  :s  unique  to  those  mentioned  above 
for  two  reasons.  First,  this  investigation 
focuses  on  near-scurce  observations  for  wmen  tne 
scale  is  much  smaller,  althougn  the  physical 
phenomena  are  the  same.  The  near-source  observa¬ 
tions  are  dominated  by  upgoing  rather  tnan 
dewngoing  energy  and  a”e  tnjs  strongly  influenced 
by  the  free  surface  and  near-surface  structure. 
Second,  tne  experimental  configuration  is  well 
controlled;  the  source  depths  and  record i ng 
distances  are  accurately  known,  as  is  tn" 
velooity  structure  of  the  experimental  site.  Tip- 
data  set  provides  not  only  depth-dependent 
Observations,  but  also  range-dependent  observa¬ 
tions  whim  allow  tne  characterization  of  spatia. 
propagation  ef  f  ects. 

Tne  separation  of  sour  e  anl  propagation 
effects  is  attempted  by  mat'-ning  observed  deptn 
effects  with  Lrieori  i  cal  depth  effects.  Propaga¬ 
tion  effects  are  modeled  by  theoretical  Gn-en's 
f  unr-t ,  or.  . .  Lour;.,  effect-,  f  O"  t'i-  fjl.y  contain*"] 
events  are  calculated  from  tne  deptn  sc  a'.  *  rig 
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Fig.  1.  Scnemv..ic  of  the  experimental  configura¬ 
tion.  Sources  were  buried  at  1 . 8N ,  3.16,  3.96, 
6.61!,  and  11.5  m.  Data  were  recorded  at  ranges  of 
17.  9,  37.5,  73.2,  and  22e.6  m. 
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Kange  Effects 

Tne  data  set  was  generated  by  five  115  Kg 
chemical  explosions  fired  in  dry  alluvium  and 
buried  from  1.3  to  11,5  m  below  tne  free  surface. 
Ine  explosions  ranged  from  partially  contained, 
1.8  m  being  the  optimum  cratering  depth,  to  a 
fully  contained  event  at  a  depth  of  11.5  m. 
Radial  (to  tne  source)  and  vertical  acceleration 
wa3  recorded  at  17,  37,  73,  and  228  m  from  each 
of  the  five  events.  The  data  were  sampled  at 
2000  samples/s.  The  recording  ranges  and  source 
deptns  are  summarized  in  Figure  1.  The  velocity 
waveforms  for  one  range  (73  m)  are  shown  in 

Figure  2,  which  displays  tne  radial  and  vertical 
components  for  each  explosion.  The  complete  data 
set  is  displayed  in  the  work  by  [Flynn,  1986J. 

The  waveforms  are  dominated  by  a  P  phase  and 
an  SV-Rayleigh  phase.  Tne  SV  and  Rayleigh 
arrivals  are  treated  as  one  because  at  the 
closest  ranges  their  arrival  times  are  separated 

tv  only  a  few  hundredths  of  a  second,  while  the 

SV-Rayleign  pulse  widtn  is  of  the  order  of  0.2  s. 
In  Figure  2  the  SV-hayleigh  pulse  Is  distin¬ 
guished  by  a  large  amplitude  and  a  snift  to 

longer  periods  relative  to  the  P  arrival. 
Propagation  effects  at  the  farthest  range  (228  m) 
have  separated  the  P  and  SV-Rayleigh  phases  by 
some  intermediate  multipatned  arrivals,  but  a  3 
close  as  37  and  73  m  the  waveforms  consist  almost 
entirely  of  the  P  and  tne  SV-Rayleign  phases 
(Figure  4a).  At  the  closest  range  (17  mi,  even 
the  P  and  SV-Rayleign  phases  are  not  completely 
separated. 

Ine  dominance  of  P  and  SV-Rayleign  motion  is 
verified  by  pa-'tieie  motion  diagrams.  In  Figure 


3  the  228-m  radial  and  vertical  components  are 
plotted  with  particle  motions  for  the  indicated  P 
and  SV-Rayleigh  windows.  Particle  motion  in  the 
P  window  is  rectilinear,  with  the  radial  and 
vertical  motions  roughly  equal.  In  the  indicatea 
SV-Rayleigh  window,  the  radial  and  vertical 
components  have  fallen  out  of  phase  and  particle 
motion  has  become  retrograde,  representing 
surface  wave  motion. 

The  effect  of  range  in  separating  the  body  and 
surface  wave  phases  Is  illustrated  in  Figure  9  by 
the  particle  motions  of  a  single  event.  At  17  m 
the  P  wave  motion  is  not  strongly  linear,  nor  is 
it  sharply  distinguished  from  the  onset  of  the 
SV-Rayleigh  wave.  The  separation  of  body  and 
surface  waves  becomes  more  distinct  witn  the 
evolution  of  strongly  linear  and  retrograde 
motions  observed  at  more  distant  ranges. 

The  effect  of  propagation  distance  is  evident 
in  the  decay  of  P  and  SV-Rayleigh  amplitudes.  In 
Figure  5,  decay  rates  of  the  phases  are  estimated 
by  a  linear  least  squares  fit  to  the  log  of  the 
amplitude  versus  the  log  of  the  range.  The  P  and 
SV-Rayleigh  waves  display  faster  decay  rates  than 
are  expected  for  spherical  and  cylindrical  wave 
fronts,  respectively.  Radial  P  decays 
as  r-’"‘,  vertical  P  as  r-l->,  radial  Rayleigh 
as  r-1'0,  and  vertical  Rayleigh  as  r-0"’.  These 
decay  rates  include  the  effects  of  geometrical 
spreading,  complex  structu-al  interactions, 
scattering,  and  intrinsic  attenuation. 


VELOCITY  WAVEFORMS 

observed  at  73  meters 


C 

RADIAL 

n  - 

c  t 

VERTICAL 

O 

e_ 

V 

ir 

0 

c  _ 

V 

c 

“ 

c 

1 

-/ 

to 

1  7 

1 ' 

c 

V 

H3  •  6 

1 

Lu 

c 

Cj  - 

C  • 

i 

1  • 

n  - 

cl 

C~J 

C_ 

•  ,  “V 

i  J 

rj  ^ 

0  _ 

1 

M3  96 

< 

G 

1  ’.  ■ 

c.  - 
O 

1 

C  w 

c^  i 

O  __ 

1  ■  '  V 

V 

Hf>.6d 

.r.  “ 

G 

,  ■ . 

,  , 

0  ij 

.  -.J- 

Ml!  ; 

c  w 

1 

?W  ' 

0  G 

p  p 

1.2 

1.6 

0  0 

0  5  1  2 

1. 

TIME  (s) 


rig.  2.  Observed  velocity  waveforms.  Radial  and 
vertical  component:,  are  shown  for  each  source 
deptn  at  the  73  m  range.  H  indicates  source 
burial  depth. 
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PARTICLE  VELOCITY  at  228m 


RADIAL  and  VERTICAL  VELOCITY 

at  223  meters 
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forms.  H  indicates  source  L.jri-11  depth.  bars  inl.-ratc  P  and  3tf-i(ny»-  igr.  time  wihlow 
for  which  partioie  mct.o.'is  a--.-  plotted.  !t,-  Particle  motion:-  for  t.ne  f'  and  37-iPiyieign 
time  windows. 


Oeptn  Effects 

Time  dome  i  n  .  1  r.  trie  time  dom-Sjri  the  P  ah'1  37 - 

Pa/leign  arrivals  were  identified  by  particle 
motion  diagrams.  The  vertical  I’  wave  amplitude 
1  n  crease- 3  0y  twofold  to  sixfold  (depending  On 
range-)  from  a  source  depth  of  1  .  n  m  to  a  depth  of 
ll.o  m  (Figure  Trie  radial  !'  wave  ampl  itude 

snows  a  less  pronounce J  deptn  dependence, 
inore-iping  ty  1. 0-fold  to  threefold  over  the 
range  of  source  depths.  Trie-  SY-Hay ieigh  waves 
d. splay  very  little  depth  dependence,  dee'ea...  hg 
Oy  gj.-ol  ove.-  tie-  r.j'i/.-  of  soi-  '.-.,  d-  pth  . .  T.'i'- 

ratios  of  1  to  2V -hay .  ■  , -h,  amp  lta-de-s  piottel  in 
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Fig.  ii.  Velocity  waveforms  and  correspond -hg  P  and  SV-Rayleigh  particle  motions  for 
the  6.6  m  event  at  four  recording  ranges,  [a./  Radial  (solid  line!  and  vertical  (dashed 
line;  velocity  waveforms.  Bars  indicate  F  a:;  SV -Rayleigh  time  windows,  (b)  Particle 
motions  for  the  P  and  SV-Rayleigh  windows. 


in  co’ ner  f"-;q.  n:y  between  the  radial  and  verti¬ 
cal  comporr  :  at  tne  same  range  or  the  difference 
between  two  ’.fferent  ranges  is  comparable  tc  tne 
2-  to  3 - P /■  var;at.  ii,  Corner  frequency 
va-iatlont  for  this  data  set  are  small,  of  tt  s 
order  of  201  a  most.  No  appreciable  increase  c r 
decrease  n  tv  long  p-.  "iod  level  of  the  spectra 
occurs  w.’.n  cr.anging  sowce  depth. 

A  compa”! sor.  in  ".gu-e  9  of  trie  spectra  of  the 
deepest  and  trie  s'  llowtnl  events  illustrates  tne 
change  in  spectra,  shape  that  coincides  witn  an 
increase  o  source  burial  deptn.  Tne  higher 
corner  frequency  '■ ■'  the  deeper  event  la  reflected 
in  tne-  increas1  o'  high-frequency  spectrai 
am;  .tildes,  At  tne  long  periods  the  two  spectra 
converge  for  t  .e  depths  and  ranges  studied. 

Spectral  ratios  o'  tne  deepest  to  the  shallow¬ 
est  sources  were  •  Iculated  in  the  frequency 
domain  and  smoothed  oy  a  f.ve-point  running  mear. 
(Figure  10).  The  inert  ise  in  high-frequency 
spectral  amplitude  o-  tv  deeper  event  is  repre¬ 
sented  by  a  i;  ectrv  -a  id  greater  tnan  l.  At  low 
frequent  ys  ( <  1 0  Hi  trie  spc-ctral  ratios  are  not 
consistently  small*-'-  greater  tnan  1,  but  at 
hlgh  frequencies  'i j.,  Hz)  the  deepest  event  has 
a  fa-tor  of  2  icreate  in  spectral  amplitude. 
Time  domain  wj  i.  ,ow3  of  the  P  and  SV-Rayleigh 
waveform  and  Fourier  -:,a  ysis  identifies  the  10- 
t<>  Aj-Hz  bar  '  a-  the  P  cot  t-ibutlon  and  t;  e  A-  to 


iq-Hz  band  as  the  SV-ftaylelgn  contribution 
IFlynn,  1986],  The  increase  of  10-  to  A0-Hz 
spectral  amplitudes  that  accompanies  an  increase 
of  source  depth  agrees  with  the  time  domain  P 
amplitudes  in  suggesting  a  larger  contribution  of 
P  wave  energy  for  the  deeper  events.  Tne  low- 
frequency  band  of  A. 10  Hz  lacks  a  consistent 
Increase  or  decrease  of  spectral  amplitudes  with 
deptn.  suggesting  that  for  the  events  under  study 
the  amount  of  SV-Rayleigh  energy  produced  is  not 
a  .-v-ong  function  of  source  deptn, 

Modeling  of  Source  and  Propagation  Effects 

Tne  depth  effects  that  have  been  outlined  in 
the  time  and  frequency  domains  contain  bote 
source  and  propagation  depth  effects.  The 
observations  can  be  expressed  in  general  ternr;  as 
a  convolution  of  tne  source  function  witn 
propagation  patn  effects,  or-  in  the  frequency 
domain  a:; 

U'f  I  -  G(f )  SUl  (1  ) 

where  U  are  the  observations,  S  the  source 
function,  and  0  the  Green's  function  or  itnpjise 
response  of  tne  medium. 
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Fig.  5.  Spatial  decay  of  P  and  SV-Rayieigh  velocity  amplitudes.  Amplitude  decay  is 
approximated  by  a  least  squares  line  on  each  plot,  (a)  Radial  P  and  SV-Rayleign 
amplitudes.  (0)  Vertical  P  and  SV-Sayieign  amplitudes. 


Source  Effects 

In  an  attempt  to  create  a  reference  against 
whicn  t.ne  aata  can  do  judged,  trie  [Mueller  and 
Murphy,  1971]  source  model  was  used  to  predict 
soj-cc  effects  for  sou  oe  depths  between  1.8  and 
11,5  m.  This  model  is  for  fully  contained 
sources  and  acts  as  a  standard  against  which  the 
cratering  explosions  can  be  compared.  Snown  in 
Figure  11  are  tne  predicted  effects  of  source 
depth  on  the  far-field  source  potential.  From 
1.8-  to  11,5-m  source  depth,  tne  corner  f -equency 
of  tne  source  is  predicted  to  increase  by 
approximately  a  factor  of  2,  a  much  larger 
increase  tran  observed  in  tne  data.  Tne  long 
period  level  of  the  spectra  drop  by  a  factor  of  2 
from  tne  1.8-  to  !1.5-m  source.  The  observations 
snow  no  consistent  decrease  in  the  long  period 
level  (Table  1).  The  spectrai  ratio  of  the  1.8- 
to  11.5-m  sources  has  a  twofold  increase  in  high- 
frequency  amplitude:,  (Figure  1?)  arid  is  compar¬ 
able  to  the  observed  amplitude  ration  (Figure 
10;.  Tne  observations  appear  to  demonstrate  some 
Of  trie-  predicted  soiree  depth  effect1-,  but  ch<-/ 
-lev  other  of  the  predicted  source  effects, 
arneiy,  trie  drop  in  long  per,od  level. 


Propagation  Effects 

The  contribution  of  propagation  effects  to  the 
depth-dependent  observations  can  be  tested  with 
synthetic  waveforms  generated  by  idealized  propa¬ 
gation  models.  The  velocity  model  whicn  best  fit 
tne  test  site  [Stump  and  Reinke,  1982]  consisted 
of  compress jonal  velocity,  3hear  velocity,  and 
density  which  increased  smoothly  from  surface 
values  of  375  m/s,  2kU  m/s,  and  1.67  g/cm’, 
respectively  to  values  of  1128  m/s,  610  m/s,  and 
2.1  g/cm’  in  the  half-space  at  25-m  depth  (Figure 
iji.  Trie  depths  and  P  velocities  at  the  site  are 
well  constrained,  while  the  shear  velocities  are 
not  as  well  Known.  The  P  and  S  Qs  in  tms 
initial  model  were  assumed  to  be  100  and  ^9, 
respectively. 

Green’s  functions  were  calculated  by  a  mod i - 
fled  reflectivity  method  and  convolved  with  the 
theoretical  source  function  for  the  11.5-m  depth. 
This  convolution  wa3  completed  so  that  direct 
comparisons  with  th<-  band-limited  observations: 
data  could  be  made.  The  resulting  waveforms  ace- 
given  in  Figure  1 ‘i .  The  P  amplitude  can  be  seen 
to  increase  wit.n  source  depth  relative  to  tne  S 7- 
hayieigri  amplitude.  7 fie  model  produces  a  factor 
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o!  I.Y-ii.O  increase  ir.  P  am;,:  ,  tude  wile  source 
depth,  whies  is  compa-utie  to  tv  increase  of 
observed  P  amplitudes  (2-6  i.  Tne  SV-Kayleign 
amp.itude  decreases  by  a  factv"  of  8-5,  whim  is 
more  pronounced  tnan  the  20-K0t  decrease  trial  was 
Observed . 

Comparison  of  the  spatial  decay  of  the  Green’s 
functions  can  be  made  with  tne  data.  For  trie 
1.8'i-m  synthetic  source  the  vertical  P  wave- 
decays  as  r  1,?  and  the  Pay  reign  wave  decays  as 
r_0'#.  The  observed  decay  values  for  this  3ource 
depth  (Figure  obi  are  r  ‘‘J  and  r_,‘°, 
respective!  y.  Trie  radial  syrithet  ies  for-  the 
1.8‘i-m  source  give  P  and  kayie.gn  decay  rates  of 
r"1'*  and  r-  0  ‘  *  compared  with  observed  values  of 
r  ’ 1  ‘ f  a-id  r  1  ‘  1  (figure  pa 1 .  for  tn<-  11.5-m 
source  tne  ve  tidal  synthetics  (P  arid  Rayleigri) 
decay  as  r  * ' *  aril  -  0  ' '  compared  witn  O', served 
values  of  r  1,2  arid  r'0-''.  The  radial  syritrietic 
values  lor  tv  iji/./r  sour  e  are  r  ’  arid  r  0 '  ’ 
compared  witn  observed  va 1 je  .  of  r  1 ' 2  and  r  * * 7 . 
botr.  tv  sy.nt net . Ct  and  tne  observation-.  so  ,w 
rfjQ  f’-i'  '?  .  14  .  t'l*f  Hr»  jf’C'f  fi  HlC' 
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Fig.  6b 

uvtion  of  source  depth.  (a)  Radial  ?  and 
(tz  Vert. cal  P  and  SV-i'.a/lfcign  amplitude 


and  tn<-  effects  of  trie  shallow  low-velocity 
jayeiej  are  led1, t e d .  Although  tr.c  synthetics  mere 
clov-ly  replicate  the  observel  spatial  decay  than 
a  simpie  elastic  half-space,  the  observations  i 
data  in  most  cases  decay  faster  than  tne  syn¬ 
thetics.  Tnis  observation  indicates  that  effects 
such  a3  intrinsic  attenuation  and  scattering 
could  be  underestimated  in  this  model. 

In  trie  frequency  doma-ri  the  corner  frequency 
decreases  by  approximately  2  Hz,  which  is  unlive 
tne  shift  to  higher  frequent ies  observed  in  tne 
data.  The  .long  period  level  displays  a  slight 
increase  with  source  depth. 

In  summary,  the  Green's  functions  can  account 
for  an  increased  P  wave  amplitude  with  depth,  but 
Ivy  cannot  account  for  an  increasing  corner  fro- 
qu‘ ney  or  a  nondecay 1 ng  long  period  level,  an  I 
th<y  produce  an  SV-Rayleig.'i  wave  that  is  too 
strongly  deptn  dependent. 

tomr,  1  yd  Souroe/l-ropag-it  ion  LI  f  oct  n 

Pr  edlCt'-d  source  depth  el  lefts  were  Combined 
witn  theoretical  p:  op.ig  it  -  on  depth  el  I  eels  by 
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energy  a3  a  result  of  an  increase  in  coupling 
over  the  near-surface  source.  In  order  to 
experimentally  quantify  the  increased  coupling 
efficiency  with  increased  burial  depth,  the  total 
seismic  energy  in  the  observed  waveforms  is 
calculated  as  a  function  of  source  depth. 


DISPLACEMENT  SPECTRA 

OBSERVED  at  73m 
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Fig.  7.  Ratio  of  P  to  SV-Rayieigh  amplitude  as  a 
function  of  source  deptn,  for  botri  the  radial  and 
vertical  components. 


convolving  the  Green's  functions  with  the 
appropriate  Mjelier-Murphy  source  function 
derived  for  each  source  depth.  The  Mu"ilor- 

Murphy  predict,  ions  are  strictly  for  fully  con¬ 
tained  sources.  The  spectral  ratios  resulting 
from  these  combined  sou'Ce  and  propagation 
effects  are  given  in  Figure  1b.  The  shift  of 

source  energy  to  high-frequencies  is  roughly 

balanced  by  the  decrease  in  nign-frequency  energy 
To r  tne  dee;  r  propagation  patn.  At  long  periods 
the  spectral  ratio  is  slightly  greater  tnan  1, 
particularly  at  the  228-m  range. 

Comparing  the  observed  (Figure  10)  arid  calou- 
■  ated  (Figure  lb)  spectral  ratios,  it  is  evident 
tnat  the  observations  contain  deptn  effects 
beyond  those  that  can  be  accounted  for  by  the 

Muel ler-Murphy  source  model  and  the  layered 
Green's  functions.  Trie  deptn  effect  that  is  not 
satisf  acto-’i  ly  modeled  is  t.ne  two  to  one  spectral 
ratio  at  high  frequencies  HO-n'i  Wr.). 

Tne  physical  deptn  effect  that  is  addressed  by 
neither  trie  Green's  functions  nor  trie  Mueller- 
Murpny  source  scaling  laws  is  tne  effect  pf 
moving  from  a  pa-Hally  contained  to  a  fully 
contained  burial  depth.  based  upon  tlr-  modeling 
e/er  ci..e,  it  is  concluded  tha‘  the  fully 
Contained  source  generates  rtjre  In  gn- frequency 
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Fig.  (la.  bi  '.placement  spectra  for  all  events 
recorded  at  73  m.  Here  20ie  time  points  were 
windowed  by  a  1DI  cosine  taper'  applies  to  the 
d  l  splaeemerit  waveforms  . 
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Fig.  8d.  Acceleration  and  noise  spectra  for  a 
typical  event,  illustrating  tne  effective 
bandwidth  of  2-bO  Hz. 


TABLE  lb.  Levels  of  Observed 
Displacement  Spectra,  xlO" 


Source 

Depth, 

m 

Range,  m 

1  .8H 

3.16 

3.96 

5.6P 

1  1  .5 

17 

3.20 

Radial 

3.20 

3.00 

6.00 

37 

1  .00 

1.00 

0.70 

0.80 

73 

0.70 

0.70 

0.50 

O.PO 

1  .20 

223 

0.22 

O.PO 

0.28 

0.31 

o 

-=r 

O 

17 

1.10 

Vertical 

0.90 

0.80 

1  .20 

37 

0.70 

0.78 

0.55 

0.90 

73 

0.P6 

0.60 

0.P0 

C.P2 

0.72 

223 

0.28 

0.37 

0.  30 

0.36 

O.PO 

Energy  Calculations 
Attenuation  and  0 

Energy  as  a  function  of  depth  is  best  quanti¬ 
fied  after  spatial  dependencies  nave  been  removed 
from  t.ne  data.  The  data  set  lends  itself  to  an 
empirical  determination  of  range-dependent  propa¬ 
gation  effects  whion  are  represented  as  tne 
spatial  decay  of  P  and  SV-Rayleigh  energy.  Tne  P 
and  SV-Rayiei  g.n  energy  displays  a  range  depen¬ 
dence  wnich  .  greater  than  simple  geometrical 
spreading.  3. nee  tne  goal  of  tms  part  oi  tne 
investigation  was  tne  quantification  of  coupled 
energy  in  tne  wave  field,  an  empirical  spatial 
decay  was  determined,  Tne  total  decay  couid  then 
be  used  to  quantify  tne  energy  in  tne  wave  field 
at  any  observational  range.  The  apparent 
attenuation  can  he  represented  as  a  decaying 
function  of  range 

A  --  Aq  exp(-ci  r,  (2) 

where  a  is  trie  apparent  attenuation  and  r  is  tne 
range.  Tne  apparent  attenuation  is  a  combination 


TABLE  la.  Corner  Frequencies  of 
Observed  Displacement  Spectra 


Source  Depth,  rr, 

Ran£e,  m 

l  .  8p 

3.16 

3.96 

5.6P 

H.5 

Radial 

17 

10.0 

10.5 

1 1  .0 

10.5 

37 

10.0 

11.0 

1  il  ,  J 

15.0 

73 

10.0 

10.8 

10.5 

l  l  .5 

12.5 

228 

10.0 

10.0 

10.5 

10.5 

11.5 

Vertical 


17 

12.0 

12  To 

15.0 

15.0 

37 

11.0 

11.0 

1  P .  0 

15.0 

73 

10.0 

1-5.5 

11.0 

12.0 

12.5 

226 

9.0 

9.5 

10.5 

10.5 

11.5 

of  mechanisms  such  as  scattering,  intrinsic 
attenuation,  and  wave  propagation  phenomena  as 
illustrated  in  the  synthetic  calculations. 
Apparent  attenuation  is  estimated  from  tn' 
seismic  energies  wnich  are  calculated  from 
observational  velocity  records. 

Calculation  of  seismic  energy  begins  with  the 
energy  flux  [Wu,  '966;  Perret,  "> 97 3 j : 

F  *  pc  /  [v(t)  J*  dt  (3 ; 

wnere  F  is  energy  flux  in  ergs  per  square  centi¬ 
meter,  p  is  density  (g/cm1),  c  is  propagation 
velocity  (om/s),  and  v(t)  ;.s  recoroed  partic  .e 
velocity  (cm/s). 

The  energy  flux,  F,  was  calculated  for  botn  P 
and  SV-Rayleign  arrivals.  Tn  -  P  arrival  corre¬ 
sponds  to  the  time  duration  over  whicn  tne 
particle  motion  was  linear;  tne  SV-Rayleigh 
arrival  was  marked  py  t.ne  onset  of  retrograde 
motion  (Figures  3  and  A). 

Uoir.g  Parseval's  theorem,  tne  energy  flux  was 
calculated  in  tne  frequency  domain 

j  Lvltlj'  dt  »  i/(2n)  j  (V(w)jJ  du  (R. 

Where  V ( ui  1  is  tne  Fourier  transform  of  v(t). 

The  advantage  of  calculating  trie  energy  flux 
in  the  frequency  domain  is  that  the  apparenc 
spatial  attenuation  can  be  derived  for  each  of 
tne  two  frequency  bands  considered,  a  P  band  and 
the  SV-Rayleig’!  band,  wnere  the  apparent  attenua¬ 
tion  is  assumed  to  be  frequency  independent 
witnin  each  of  tnese  bands. 

Tne  P  and  SV-Rayleigh  time  windows  were 
tapered  and  transformed,  padding  to  2b 6  points 
i  or  tne  P  window  and  b  12  points  for  the  SV- 
Hayieigr,  window.  Tne  function  r.V(w)  j  is  plotted 
in  Figure  lb  for  the  P  and  SV-Rayleigh  windows. 
Tne  P  wave  energy  is  peaked  in  the  10-  to  PO-Hz 
band  and  tne  SV-Rayleigh  energy  is  in  the  P-  to 
10-ilz  band.  Tne  amplitude  of  tne  P  wave  spect-um 
nas  fallen  off  by  nearly  a  fa'-to-  of  '0  at  P0  ilz, 
which  means  that  [V(^)j2  nab  fanes  off  by  a 
factor  of  100.  Tne  P  wave  energy  was  taxen  to  be 
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DISPLACEMENT  SPECTRA 

observed  at  It  ?nd  3V  meters 

DISPLACEMENT  SPECTRA 

n>0‘*L  observed  at  73  and  228  meters 


Fig.  9a  Fig.  9b 

Fig.  9.  Comparison  of  displacement  spectra  of  tnt  deepest  and  shallowest  events.  The 
shallowest  event  (solid  line)  is  the  1.8-m  event.  The  deepest  event  (dashed  line)  re¬ 
corded  at  17  and  37  m  is  the  9.6-m  event;  tne  deepest  event  recorded  at  73-  and  228-m 
is  tne  ii, Vm  event,  (a)  Displacement  spectra  for  tne  17-  and  37-m  ranges,  (b)  Dis¬ 
placement  spectra  for  tne  73"  and  228-rr.  ranges. 


tne  sum  of  tne  energies  contributed  by  freq.r-n-  cnanges  the  energy  estimates  by  no  more  tnan  51. 
cic-s  between  8  and  ho  Hz,  Tne  SV-Ha;,  l“igh  energy  The  total  energy  in  a  spherical  wave  front 

is  determined  hy  summing  energy  in  tne  h-  t;  12-  becomes 

Hz  band.  Inclusion  of  a  wider  frequency  band  E  =  anR!F  (b) 


SPECTRAL  RATIOS 

of  deepest  and  shallowest  events 
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Fig.  10.  Spectral  ratio  of  tne  deepest  to  tne  shallowest  events.  Dashed  Jiri'-n 
represent  a  spectra:  ratio  of  1.  <a>  .Spectral  ratios  f or  tne  17-  and  87 -m  ranger.  (b/ 
Spectral  ratios  for  tne  7j-  arid  p?8-m  ranges. 
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EFFECTS  OF  DEPTH  ON 
MUELLER-MURPHY  SOURCE  POTENTIAL 


Fig.  11.  Predicted  effects  of  depth  or,  the  f3r- 
field  source  potential  of  [Mueller  and  Murphy, 
1971 j .  Theoretical  source  spectra  are  shown  for 
the  1.8-,  5.6-,  and  11.5-m  source  depths. 

where  E  is  energy  in  ergs  and  R  is  range  in 
centimeters.  For  cylindrical  waves  tne  total 
energy  becomes 

E  =  2nRhF  (6) 

where  n  is  depth  of  cylindrical  wave  front  and  is 
derived  for  Rayleigh  waves  in  the  appendix. 

The  total  spherical  (P)  and  Cylindrical  (SV- 
Rayleigh)  energy  as  determined  from  tne  observa¬ 
tional  data  is  plotted  in  Figure  17.  Tne  decay 
of  energy  witn  range  is  called  tne  apparent 
attenuation.  The  1  i n  ar  slope  of  tne  log  energy 
plot  is  tne  decay  constant,  a,  in  (2)  and 
represents  the  combination  of  all  remaining 
mechanisms  of  spatial  attenuation.  Tne  energy 
values  represent  a  variety  of  frequencies.  Since 
these  measurements  were  ut.lized  ,n  the  attenu¬ 
ation  determinations,  tne  decay  coefficient  a  is 
estimated  in  the  6-  to  90-Hz  Land  for  t;ie  !’  wave 
and  tne  •'*-  to  1  2-Hz  band  for  the  SV-Rayleigh 
wave.  Basel  upon  this  analysis  teennique,  it  is 
difficult  to  constrain  any  frequency  dependence 
n  u.  Table  2  lists  tne  least  squares  values  of 
the  energy  decay  rates  and  their  correlation 
coefficents.  Int.erpreti rig  tne  spatial  attenuation 
in  terms  of  Q,  one  must  assume  a  frequency 
dependence.  Values  in  the  literature  for  regional 
data  range  from  f0'6  to  f1  '  1  [Priestley  a,d 
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differences  in  radial  and  vertical  decay  rates 
may  be  pa-tially  attributed  to  the  different 
propagation  path  etfects  that  were  synthetically 
modeled  earlier. 

Energy  as  a  Function  of  Depth 

The  a  values  are  used  to  correct  for  the  final 
range  dependence  in  the  energy  calculations.  The 
range-corrected  P  and  SV-Rayleigh  energies  are 
plotted  as  a  function  of  source  depth  in  Figure 
18.  The  range  corrections  are  particularly 
effective  for  the  radial  component  where  the 
energies  calculated  at  each  range  for  a  given 
depth  differ  at  most  by  a  factor  of  3-  The 
vertical  P  wave  energies  still  contain  some 
scatter  for  the  different  ranges,  with  energies 
differing  by  nearly  a  factor  of  10  at  a  given 
depth.  Some  improvement  in  these  estimates  may 
be  obtained  by  allowing  a  in  the  decay  estimates 
to  become  frequency  dependent. 

Normalizing  the  P  and  SV-Rayleigh  energies  to 
the  sum  total  of  P  plus  SV-Rayleigh  energy,  it 
can  be  seen  from  Figure  19  that  tne  shift  in 
energy  distribution  from  the  shallowest  to  the 
deepest  source  is  a  shift  from  SV-Rayleigh  to  P 
energy.  The  average  recording  of  the  snailowest 
event  contains  90?  P  wave  and  60%  SV-Rayleign 
enervv.  The  average  recording  of  the  3.9-  and 
ii.-  ints  contained  72%  and  83%  P  wave 

ener._  ispectively.  The  percentage  P  wave 

energy  .ncreases  rapidly  from  1.8-  to  3.9-m 
sou'-ce  depth,  and  more  slowly  to  the  final  deptn 
of  11.5m. 

The  increase  in  P  wave  energy  from  9o%  to  83% 
of  the  total  seismic  energy  confirms  that  the 
fully  contained  source  n  a  more  efficent 
generator  of  P  wave  energy  than  the  near- surface 
source.  Tne  absolute  energy  increases  from  an 
average  of  8  x  10w  ergs  Tor  the  shallowest  event 
to  an  average  of  22  x  'O'2  ergs  Tor  t.ne  fully 
contained  event.  Since  all  events  were  or  the 
same  size,  with  a  yield  of  10' s  ergs  [Meyer, 
1981],  tne  increase  in  total  seismic  energy 
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Fig.  i  .  Spectral  ratios  of  gradient  spectra  with  source  effects  Included. 


the  help  o!  tneo: r,;  ca ;  jou-ce  and  propagation 
models.  The  d-it.-i  set  wnior.  *.:ii:-  analysis  was 
applied  Is  unique  for  Ivo  rea.v  ns:  the  small 
scale  of  the  experiment  .  configuration  and  the 
control  of  source  depth1.  arid  recc  ding  ranges. 

Observations  at  se/e’al  distances  allowed  tne 
wave  field  to  tie  q.ait;  fied  in  terms  of  its 
spatial  cnaractaristics,  nam'-iy  tne  dominance  o( 
p  and  SV-Rayieigh  motion,  the  amplitude  decay  or 
ie  two  arrjv.il3,  and  tncir  spatial  attenuation 


rates.  The  source  depths  spanned  the  range  from 
partially  to  Tully  contained,  corresponding  to 
source  symmetries  which  vary  from  cylindrical  to 
spherical.  The  dominance  of  P  and  surface  wave 
motions  Is  therefore  Important  to  this 
Investigation  because  the  relationship  between 
the  spherical  P  and  the  cylindrical  SV -Rayleigh 
arrivals  is  in  part  a  Dieasure  of  the  changing 
symmetry  of  the  source  wltn  Increasing  over¬ 
burden.  The  P  and  SV-Rayleign  arrivals  wc-e 
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shown  to  consist  of  individual  frequency  tand3, 
u-U  Hr.  fir  tne  SV-B.ay .  0  lg.n  wave  and  lO-up  Hz  for 
t.h"  P  wave.  Together,  these  arrivals  Comprise 
tne  La.nlwilth  of  tne  data.  Thun  tne  P  and  0V- 
Rayl-.-ign  arriv ai.3  wer'  also  us'-d  a>  a  measure  of 
the  relative  coupling  of  h.gh  to  low  ' requenc i et 
as  a  funetion  of  source  deptn. 

The  observed  deptn  effects  included  a  twofold 
to  fivefold  increase-  iri  P  wave  amplitude  and  a 


TABLE  P.  Apparent  Spatial  Attenuation,  Least 
Squares  Energy  Decay  Rates  and  Linear 
Correlation  Coefficients  (LCCy,  xlQ-’ 
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i.D-fOid  decrease  in  tne  SV-Raylcigh  amplitude 
over-  tne  range  of  source  depths,  P.nd  a  shift  to 
higher  frequencies  w:tn  increasing  depth. 

Tne  increase  in  P  amplitude  restive  to  SV- 
Hayleigh  amplitude  with  depth  was  modeled  as  a 
theoretical  propagation  effect,  Tne  gradiert 
velocity  mode!  accounted  for  observed  increases 
in  P  amplitudes  Put  wap  unatie  to  match  tne  slow 
decay  of  surface  wave  amplitude  witn  increasing 
source  deptn. 

Trie  Mue  1  :  e-'-Mur-phy  source  model  predicts  a 
decrease  in  long  period  spectral  level  with 
increased  source  depth  wmle  exhibiting  ari 
Increase  in  cornier  frequency  and  high-frequency 
content.  Trie  propagation  path  effects  gave  a 
decrease  in  corner'  frequency  witn  increasing 


TABLE  3-  &  Valued  lor  /’  an:  GV-rhuy i e ign  Waves 
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source  depth.  Tha  combined  source  and  propaga¬ 
tion  effects  thus  gave  no  increase  in  high 
frequency  energy  unlike  the  observational  data. 
The  increase  of  the  10-  to  AO-rlz  P  wave  energy 
from  uOJ  to  hot  of  tne  total  seismic  energy 
quantifies  the  Observed  shift  to  higher  fre¬ 
quencies  and  identifies  the  shift  as  one  from 
surface  wave  energy  to  P  wave  energy  as  source 
depth  increases.  Based  upon  the  modeling,  this 


P  and  RAYLEIGH  PERCENT  OF 
TOTAL  ENERGY  vs  DEPTH 
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function  of  source  depth  for  the  radial  and 


Increase  in  high-frequency  energy  is  attributed 
to  the  difference  between  the  shallow  partially 
contained  cylindrical  source  and  the  deeper  fully 
contained  spherical  contained  source.  Tnese 
conclusions  could  only  be  made  after  accounting 
for  propagation  effects  at  tne  test  site.  Tne 
source  coupling  efficency  increased  from  0. 7-1.0% 
for  the  near-surface  explosion  to  1.9-2.91  for 
the  fully  contained. 

This  Investigation  has  quantified  ttie  deptn 
dependence  of  P  and  SV-Rayleigh  arrivals  from 
small  explosions  at  near-3ource  distances.  Sucn 
depth  effects  might  be  observable  at  regional 
distances,  but  a  set  of  controlled  experiments  to 
quantify  these  effects  is  not  available.  Regional 
data  used  to  study  depth  effects  usually  include 
a  variety  of  source  types  (explosions,  earth¬ 
quakes,  quarry  blasts).  In  addition,  local 
structural  variations  may  mask  the  .source  effects 
ISuteau-Henson  et  al . ,  1987;.  The  apparent 
sensitivity  of  Rg  to  source  depth  may  be  the 
regional  equivalent  of  the  SV-hayleigh  opserva- 
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tlons  made  in  this  study  [Kafka,  1987].  As  this 
small-scale  study  illustrates,  such  conclusions 
cannot  be  made  quantitatively  until  both  the 
source  and  propagation  depth  effects  are 
carefully  Isolated. 

Appendix 

Rayleigh  amplitude  Ar  is  assumed  to  be  a 
decaying  function  of  depth,  Z: 

Ap  *  A  exp  (tksz) 

where  s  -  ( C 3 / 6 2  - 1 ) 0  *  * ,  k  is  the  wave 
number,  2«/A,and  A  is  a  constant.  Wavelength  A  ■ 
cT,  where  c  is  phase  velocity  and  T  is  period. 

The  Rayleigh  wave  front  is  approximated  by  a 
cylinder  of  height  h.  For  a  particular  observa¬ 
tion  of  SV-Raylelgh  amplitude,  A, 

j  a  dz  »  An 
0 

where  h  is  some  depth  given  by 

J  Ar  dz  -  JqA  exp  ( lksz)  dz 
■  A/iks  exp  (iksz)  | 

•  -A/ik3 
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STOCHASTIC  GEOLOGIC  EFFECTS  ON  NEAR-FIELD  GROUND 
MOTIONS  IN  ALLUVIUM 

By  Robert  E.  Reinke  and  Brian  W.  Stump 
Abstract 

Analysis  of  accelerograms  recorded  at  the  20  m  range  from  a  buried  5-lb 
detonation  in  alluvium  revealed  wide  (as  large  as  20  dB  in  the  amplitude  mod¬ 
ulus  of  the  Fourier  transform)  variations  in  response  for  frequencies  above 
35  Hz.  Additional  experiments  were  performed  which  ruled  out  source  asym¬ 
metry  or  instrumental  Irregularity  as  the  cause  of  these  variations.  The  ob¬ 
servations  suggest  that  scattering  by  geologic  inhomo  jeneity  is  responsible 
for  the  frequency-dependent  spatial  variability  in  ground  motion.  A  thorough 
understanding  of  the  physical  processes  responsible  for  this  variability  re¬ 
quires  that  8  quantitative  relationship  be  established  between  the  subsurface 
material  property  information  and  the  observed  ground  motion  characteris¬ 
tics.  An  attempt  was  made  to  do  this  using  available  standard  penetration 
test  data  from  the  test  bed  where  the  initial  experiment  was  detonated.  Au¬ 
tocorrelations  of  the  blow  count  data  from  the  standard  penetration  test  were 
computed  and  compared  with  theoretical  exponential  and  Gaussian  distri¬ 
butions.  The  exponential  distribution  with  a  scale  length  between  2.0  and  3.0 
m  best  matches  the  data.  Assuming  the  Born  approximation,  a  scale  length 
of  2.0  to  3.0  m  implies  that  significant  scattering  should  occur  above  10  Hz. 
The  recorded  ground  motions  are,  however,  coherent  out  to  about  35  Hz,  sug¬ 
gesting  a  scale  length  on  the  order  of  0.5  to  1.0  m,  which  is  beyond  the  res¬ 
olution  of  the  standard  penetration  test  technique.  This  scale  length  is,  how¬ 
ever.  not  unreasonable  in  light  of  the  general  geologic  characteristics  of  the 
test  area. 


Introduction 

Several  recent  studies  have  found  a  surprising  lack  of  coherence  between 
ground  motion  waveforms  recorded  at  stations  separated  by  only  a  few  tens  of 
meters.  McLaughlin  et  al.  (1983)  discuss  the  station-to-station  waveform  coher¬ 
ence  for  near-field  explosion  accelerograms  recorded  on  a  nine-station  array  at 
Pahute  Mesa,  Nevada  Test  Site.  For  this  array,  at  a  range  of  6  km  from  a  5.6 
Mi,  underground  explosion  with  an  interstation  spacing  of  100  m,  strong  incoh¬ 
erent  signals  were  found  above  5  Hz  on  all  components.  This  incoherence  was 
attributed  to  scattering.  Vernon  et  al.  (1985)  discuss  earthquake  seismogram 
coherence  for  a  nine-station  array  with  an  interstation  spacing  of  50  rn.  This 
temporary  array  was  located  near  the  Pinon  Flat  observatory  in  California.  Sev¬ 
eral  events  with  magnitudes  between  3.0  and  4.2  and  hypocentral  distances  re 
ing  from  10  to  50  km  were  analyzed.  For  this  data  set,  P  waves  were  fount,  to 
be  coherent  up  to  the  25  to  30  Hz  region,  with  S  waves  up  to  about  15  Hz.  This 
variability  in  ground  motion  over  such  short  distances  raises  questions  about  the 
appropriateness  of  using  single-station  point  measurements  of  the  groum  motion 
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field  for  the  inversion  of  source  functions  as  well  as  the  use  of  the  peak  ground 
acceleration  statistic  based  on  single-point  measurements. 

Smith  et  al.  (1982)  analyzed  the  near-field  motions  from  the  1979  Imperial 
Valley  earthquake.  This  data  set  was  obtained  from  a  closely  spaced  array  of  five 
stations.  This  study  confirmed  that  incoherence  of  higher  frequency  ground  mo¬ 
tions  could,  because  of  averaging  effects,  reduce  the  high-frequency  input  to  build¬ 
ings  with  foundations  of  large  areal  extent.  Analysis  of  this  particular  data  set 
suggested  that  base-averaging  reduction  factors  of  10  to  30  per  cent  would  have 
occurred  for  foundations  50  m  in  diameter  for  frequencies  above  20  Hz.  No  sig¬ 
nificant  reduction  would  have  occurred  for  frequencies  below  5  Hz. 

This  frequency-dependent  spatial  variability  in  ground  motion  has  also  been 
observed  on  some  small-scale,  high-explosive  tests  conducted  in  dry  alluvium. 
An  array  of  six  triaxial  accelerometers  spaced  at  six  azimuths  at  the  20  m  range 
from  a  buried  5-lb  detonation  yielded  waveforms  which  were  incoherent  above 
30  to  35  Hz.  In  an  effort  to  determine  whether  these  variations  were  induced  by 
instrumentation,  source  asymmetry,  or  scattering  due  to  geologic  variability,  a 
series  of  small-scale,  high-explosive  experiments  were  performed.  This  paper  de¬ 
scribes  the  results  of  these  experiments  and  the  physical  interpretation  of  the 
data. 

The  Initial  Experiment— The  ART  2  Test 

The  Array  Test  Series  (ARTS)  was  a  series  of  single  and  multiple  5-lb  explosive 
tests  conducted  in  dry  alluvium.  The  ARTS  was  formulated,  designed,  and  im¬ 
plemented  to  investigate  the  quantitative  effects  of  finite  explosive  sources  upon 
observed  motion  fields.  The  single-burst  tests  in  the  series  were  intended  to  thor¬ 
oughly  characterize  the  single-burst  ground  motion  environment  (Stump  and 
Reinke,  1987).  One  of  these  tests,  ART  2  (Table  1),  was  intended  to  determine 
the  degree  of  azimuthal  variation  in  ground  motion  levels  resulting  from  a  single¬ 
charge  event.  The  experimental  layout  for  this  test  is  shown  in  Figure  1.  Six 
triaxial  servoaccelerometers  were  placed  at  the  20  m  range  at  six  different  azi¬ 
muths.  These  accelerometers  were  recorded  by  three-channel  digital  event  re¬ 
corders  at  a  rate  of  200  samplers/sec,  with  a  5-pole  low-pass  Butterworth  filter 
at  70  Hz.  The  original  accelerograms,  along  with  low-pass  (30  Hz  corner)  and 
high-pass  <40  Hz  corner)  filtered  versions,  are  shown  in  Figures  2  and  3.  Fourier 
acceleration  spectra  for  the  waveforms  are  shown  in  Figure  4.  Examination  of 
the  acceleration  traces  and  the  spectra  in  these  figures  reveals  considerable  simi¬ 
larity  in  the  various  waveforms  below  30  Hz,  while  large  azimuthal  amplitude 
variations  are  observed  for  frequencies  above  30  to  35  Hz.  The  accelerograms 
show  that  the  hiph-frequeney  energy  arrives  after  the  initial  coherent  low-fre¬ 
quency  responst  with  a  great  variability  in  wave  shape  as  well  as  amplitude. 
The  vertical  and  radial  spectral  shapes  (Figure  4)  are  similar  between  5  and  35 
Hz,  while  variations  up  to  15  to  20  dB  occur  above  35  Hz. 

Experimental  Design 

Three  possible  source  for  the  observed  azimuthal  variations  in  waveforms  have 
been  identified:  <1  no  un  formity  in  instrumentation  response;  (2)  asymmetry 
in  the  explosive  source,  m  i  (3i  geologic  inhomogeneity.  In  order  to  experimen¬ 
tally  investigate  the  first  poss  ulity — instrumental  irregularity — the  ART  19 
test  (Table  1 1,  also  called  the  lud')!  test,  was  performed.  In  this  test,  all  7 
three-component  accelerometers  we:  iced  in  a  closely  spaced  group  at  the  20 
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TABLE  1 

Description  of  Experiments 


Experiment  Description 

ART  2  Single  5-lb  charge  buried  at  1  m. 

Recording  array  showed  6  triaxial 
accelerometers  at  different  azimuths  at 
the  20  m  range. 

1 

ART  19  "Huddle  test."  Single  5-lb  charge  buried 
at  1  m  recorded  by  6  triaxial 
accelerometers  in  a  closely  spaced 
group  at  the  20  m  range. 


ART  I!  The  "pit  shots."  Series  of  five  5-lb  buried 
charges  all  fired  at  the  same  ground 
zero  and  recorded  by  6  triaxial 
accelerometers  spaced  at  equal 
azimuths  at  the  20  m  range  The 
initial  charge  was  detonated  in  silu\ 
subsequent  charges  were  fired  in  a 
sand-filled  pit. 


ART  I1I-2  Single  5-lb  buried  charge  recorded  by  6 
accelerometers  at  the  10  m  rang"  and 
6  accelerometers  at  the  30  m  range 
Accelerometers  were  spaced  at  equal 
azimuths. 


•  source  A  receiver 

Kin.  1  Experimental  layout  for  the  ART  2  test  event 


m  range  (Figure  5 1  from  a  5-lb  charge  detonated  at  a  depth  of  1  m.  Individual 
vertical  and  radial  spectra  from  this  test  are  compared  in  Figure  6.  The  resulting 
spectral  scatter,  as  observed  in  these  Figures,  is  at  most  3  to  4  dB  over  the  band 
from  5  to  70  Hz,  much  less  than  that  observed  for  the  azimuthal  data.  In  fact, 
the  higher  frequency  scatter  (40  to  70  Hz  region'  shown  in  these-  figures  may  not 
reflect  true  instrumental  irregularity,  since,  as  seen  by  examination  of  Figures 
5  and  6,  the  accelerometers  which  art-  physically  closest  in  the  field  do  possess 
the  greatest  degree  of  similarity  in  spectral  shape. 
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An  additional  set  of  experiments,  the  ART  II  series  (Table  1),  was  designed  to 
determine  whether  azimuthal  irregularities  in  ground  motion  result  primarily 
from  propagation  path  variations  and  scattering  by  geologic  inhomogeneity  or 
explosive  source  asymmetry.  The  test  bed  layout  for  the  ART  II  tests  is  shown 
in  Figure  7.  Ground  motions  were  recorded  by  triaxial  servoaccelerometers  and 
three-channel  digital  event  recorders  at  six  equally  spaced  azimuths  at  a  range 
of  20  m.  The  ART  II  series  of  tests  consisted  of .  ve  separate  5-lb  detonations — 
all  fired  at  the  same  test,  bed  with  the  accelerometers  remaining  in  the  same 
position  from  shot  to  shot.  The  initial  detonation  was  fired  at  a  depth  of  1  m  in 
situ  'file  resulting  crater  was  then  excavated  and  a  new  5-lb  charge  emplaced 
m  the  resulting  pit  with  uniform  sand  rained  around  the  charge  This  process 
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was  repeated  a  total  of  four  times.  Thus,  the  ART  II  series  of  tests  consisted  of 
five  shots,  one  in  situ  and  four  pit  shots — all  using  the  same  test  bed  and  an 
identical  recording  array. 

The  goal  of  the  ART  II  tests  was  to  determine  whether  source  asymmetry  or 
geologic  factors  were  the  dominant,  cause  of  the  observed  scatter.  By  repeating 
the  experiment  five  times  at  the  same  location,  five  sets  of  triaxial  accelerograms 
and  spectra  were  obtained  for  each  azimuth.  If  the  observed  data  scatter  were 
produced  by  geologic  inhomogeneity,  then  one  would  expect  very  similar  accel¬ 
eration  waveforms,  as  well  as  amplitude  spectra,  to  be  observed  from  shot  to  shot 
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FREQUENCY  (  HERTZ) 

Kk.  4  Vertical  and  radial  Fourier  acceleration  spectra  for  ART 
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•  source  A  receiver 

Fi(.  7.  Test-bed  layout  for  the  ART  II  teste-. 

at  the  same  recording  station.  The  detonation  of  a  5-lb  charge  is,  of  course,  not 
strictly  a  repeatable  phenomenon,  since  the  initial  in  situ  detonation  destroys  a 
portion  of  the  test  bed  by  formation  of  the  crater.  Excavation  of  the  severely 
disturbed  material  comprising  the  crater  and  subsequent  emplacement  of  the 
charge  within  the  pit  was  intended  to  make  the  experiment  as  repeatable  as 
possible.  The  transition  from  the  in  situ  test  to  the  pit  sequence  was  the  most 
severe.  The  in  situ  shot  produced  a  crater  roughly  2.2  m  in  diameter.  The  crater 
was  excavated,  producing  a  pit  about  3  rri  in  diameter  and  1.3  m  deep.  The  di¬ 
mensions  of  bnth  crater  and  pit  increased  slightly  with  each  shot.  The  final  pit 
was  about  3.5  m  in  diameter  and  the  final  crater  about  the  same  diameter. 

While  the  ART  2  and  the  ART  Phase  11  'the  pit  shots)  experiments  investigated 
azimuthal  ground  motion  variations  at  the  20  m  range,  the  ART  III- 1  experiment 
(Table  1>  was  designed  to  investigate  the  influence  of  range  upon  the  observed 
azimuthal  variations.  If  scattering  by  geologic  inhomogeneity  is  the  dominant 
factor  producing  the  azimuthal  variation,  then  one  might  expect  the  degree  of 
variation  to  increase  with  rangeof  the  receiver  array.  The  ART  II I- 1  test  consisted 
of  a  5-lb  cylindrical  charge  detonated  in  situ  at  a  depth  of  1  m.  The  ground  motions 
were  recorded  at  a  total  of  1  2  locations  using  triaxial  servoaccelerometers  and 
three-channel  digital  event  recorder.-.  Six  recording  stations  were  placed  at  equal 
a/nnuihs  at  the  10  in  i  ange,  and  the  remaining  six  were  placed  at  equal  azimuths 
at  tin-  30  m  range 

Si 1  iriiA- 1  h  Iji  i  kkmim-'i  n  t  T  as-ii  a  aih  in  T'  ii  a.-  and  L)at  a  Anai  ysi- 

Oiic  appro, a  b  m  quant  il>  the  on-ei  ved  van  a  turn  m  the  data  set-  i-  to  compute 
tin-  coin iem;.  between  station  pairs  m  a  tnannei  analogue-  to  that  employed  b> 
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McLaughlin  ct  al.  (1983).  The  coherency  is  defined  by 

l  tl>,,(ti>)  j 

*y,,(uj)  -  — - - : - - r~r, 

(0  )  •  4>v,  Uul)  1  - 

where  duJw)  is  the  cross-power  spectrum.  d>JA(ub,  tipPio)  are  the  power  spectra  of 
the  two  time  series,  and  oj  is  the  circular  frequency.  As  is  well  known,  smoothing- 
must  be  applied  to  the  spectra  prior  to  estimation  of  the  coherency  in  order  to 
minimize  variances  at  each  frequency.  For  the  coherency  estimates  computed 
here,  a  4-point  lag  window  was  applied  to  the  spectra  prior  to  estimation  of  the 
coherency  factors. 

Coherencies  were  computed  between  the  Oc  data  and  each  of  the  other  recording 
stations.  The  time  windows  used  were  128  samples  or  0.64  sec  in  length.  This 
length  window  encompasses  al!  of  the  wave  train.  At  this  relatively  short  range, 
it  is  effectively  impossible  to  separate  the  various  components  of  the  waveform. 

The  computed  coherencies  for  the  station  pairs  are  shown  in  Figure  8.  The 
coherence  factors  for  the  vertical  and  radial  components  arc  higher  than  might 
be  intuitively  expected  after  examination  of  the  spectral  plots  in  Figure  4.  How¬ 
ever,  as  Smith  et  al.  H982i  point  out,  the  coherency  will  be  unity  when  the  signals 
at  two  stations  are  related  by  any  linear  transfer  function,  so  the  coherence 
function  is  not  a  direct  estimator  of  the  variation  ol  amplitude  across  an  array. 

Based  upon  the  results  of  the  coherency  analysis,  an  alternate  approach  for 
analysis  of  the  data  was  taken.  The  set  of  amplitude  spectra  of  the  azimuthal 
observations  was  treated  as  a  statistical  ensemble.  An  example  of  this  technique 
applied  to  the  ART  2  uatn  is  shown  in  Figure  2  The  mean  and  variance  of  the 
spectral  ensemble  were  calculated  as  shown  assuming  a  log-normal  distribution. 
These  figures  illustrate  p  (the  mean'  and  pro  (the  mean  r.  1  s.d.)  for  the 
vertical,  radial,  and  transverse  data  from  ART  2.  The  vertical  and  radial  data 
show  small  standard  deviations  between  5  and  30  Hz.  Beyond  35  Hz,  the  width 
of  the  deviation  band  increases  until  at  40  Hz  the  expected  scatter  in  the  Fourier 
modulus  is  8  dB  or  greater.  The  transverse  motions,  on  the  olher  hand,  show  at 
least  8  dB  scatter  throughout  the  entire  frequency  band;  although  the  overall 
mean  amplitude  is  reduced  about  10  dB  from  the  radial  and  vertical  amplitude 
levels. 

The  lack  of  coherence  below  5  Hz  on  all  components  has  several  possible  sources. 
This  effect  was  fust  thought  to  be  due  to  signal-induced  tilts  m  the  accelero¬ 
meters.  Integration  of  the  acceleration  traces  and  subsequent  attempts  to  coi  rect 
the  resulting  velocity  and  displacement  records  did  not  significantly  change  the 
estimates  It  is  jikely  that  aliasing  and  or  noise  is  the  cause  of  this  low-froquem  v 
mi  oherence.  The  amplitude  level  in  ihis  region  is  very  low  relative  to  the  lnghi  r 
frequencies  Even  a  srn  M  amount  of  aliased  energy  would  significantly  affect 
the  appateiil  coherenci  this  region  which  ’s  well  below  the  corner  fjoquency 
of  the  5-lb  source  Al  higher  frequencies,  the  based  energy  level  is  insignificant 
relative  to  the  amplitude  of  the  direct  suuicc  energy 

Another  measure  of  the  data  scattei  in  the  freipi'-ncy  domain  r  the  coefficient 
of  variation  h'Yi  'Bethea  ct  al..  19c, ns  Tie  t'Y  the  ratio  of  the  standard  ck  ■ 

vintion  to  the  mean  (  YY  --  ~  1  CY;-  fm  the  ART  2  spectra  are  given  m  figure 
'  M  ' 

10  Foi  AIM  2.  tin-  YY  on  the  tadml  and  vertical  component'  increase-  wnh 
frequence  'YY  <1  5  from  5  to  30  11/  .  the  tran.-veise  component  f remains 
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COHERENCE  WITH  0®  DATA 


VERTICAL  TRANSVERSE  RADIAL 


Frtquincy 

Fig.  B.  Computed  coherencies  for  ART  2. 

approximately  constant  at  a  relatively  high  level  00.5)  across  all  frequencies, 
suggesting  that  the  transverse  component  is  uncorrelated  at  all  frequencies.  By 
way  of  contrast,  Figure  11  shows  the  very  low  values  of  the  CV  between  5  and 
60  Hz  for  the  radial  and  vertical  components  of  the  Huddle  (ART  19 1  test.  The 
advantage  of  the  CV  as  an  estimator  of  the  data  scatter  across  the  array  is  that 
all  stations  in  the  array  may  be  used  in  the  single  estimate  as  opposed  to  only 
a  pair  of  stations  in  the  coherence  estimate. 

Amplitude  spectra  of  the  vertical  acceleration  waveforms  recorded  at  the  0 
azimuth  for  all  five  of  the  ART  II  pit  shots  are  compared  in  Figure  12.  The  sets 
of  spectra  recorded  at  the  other  azimuths  and  the  other  components  are  similar 
in  character  to  the  O'  vertical  test.  The  four  pit  shot  spectra  are  quite  similai  in 
shape  and  amplitude,  while  the  in  situ  shot  spectrum  exhibits  a  shape  which  is 


2.5 


VFRTin  A! 


IN  SITU 


FREQUENCY ( HE  RT2) 


.  10  Spectral  CV  curves  for  the  ART  II  pit  shots  compaied  with  ART  2 
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Fie,.  11.  Spectral  CV  curves  for  the  vertical  and  radial  components  of  the  Huddle  test. 


VERTICAL 


FREQUE  NCY  (HERTZ) 

Fiu.  12.  Comparison  of  vertical  acceleration  spectra  for  the  five  shots  of  the  ART  II  series. 

similar  to  that  of  the  pit  shot  spectra,  but  higher  in  amplitude  for  almost  all 
frequencies.  Two  of  the  pit  shots  are  almost  identical  in  the  frequency  domain: 
pit  shots  3  and  4  also  group  closely  together  over  most  of  the  frequency  band. 
The  greatest  change  in  amplitude  from  shot  to  shot  occurs  in  the  30  to  35  Hz 
region.  This  area  of  the  spectrum  is  fairly  flat  for  the  in  situ  shot;  however,  a 
spectral  hole  develops  for  the  pit  shots  which  deepens  with  each  successive  pit 
shot.  Even  though  the  shape  of  the  source  spectrum  may  change  from  shot  to 
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shot,  which  is  to  be  expected  since  introduction  of  the  backfilled  cavity  results 
in  more  energy  lost  in  cratering,  greater  attenuation  and  a  larger  cavity,  the  CV 
should  change  very  little  if  the  source  remains  cylindrically  symmetric  for  all 
shots.  Figure  10  shows  the  azimuthal  CV  plotted  as  a  function  of  frequency  for 
the  vertical,  radial,  and  transverse  components,  respectively,  for  all  five  shots. 
The  normalized  standard  deviation  curves  are  very  similar  for  all  five  shots  out 
to  the  system  antialias  filter  at  70  Hz.  The  CV  curves  from  ART  2,  which  was 
conducted  near  the  pit  shot  site  but  on  a  different  test  bed,  are  also  plotted  in 
this  figure.  The  change  in  the  CV  curves  between  the  two  sites  is  much  larger 
than  the  variation  from  shot  to  shot  for  the  pit  shot  sequence.  The  relatively 
small  scatter  in  the  CV  curves  for  the  five  events  of  the  pit  shot  sequence  (the 
in  situ  shot  plus  thi  four  pit  shots)  suggests  that  source  asymi..jtry  plays  an 
unimportant  role  in  the  development  of  the  azimuthal  variation  in  ground  ni^tior 
response. 

The  ART  III-2  (Table  1)  shot  was  designed  to  determine  the  degree  to  which 
azimuthal  variation  increases  with  range  from  the  source.  In  this  test,  ground 
motions  were  recorded  by  circular  arrays  at  both  the  10  and  30  m  ranges.  CV 
plots  for  the  vertical,  radial,  and  transverse  spectra  for  both  the  10  and  30  m 
ranges  are  given  in  Figure  13.  These  results  support  the  contention  that  the  CV 
increases  with  range. 

Relation  of  Observed  Azimuthal  Variability  to  Test  Site  Geology 

The  tests  discussed  in  this  paper  were  conducted  at  the  same  test  site  in  the 
Rio  Grar.de  Valley  south  of  Albuquerque,  New  Mexico.  The  subsurface  geology 
consists  of  dry  alluvium  down  to  the  water  table  at  a  depth  of  approximately  75 
m.  The  site  lies  in  a  small  shallow  basin  which  in  earlier  times  contained  a  playa. 
In  general,  the  site  is  underlain  by  unconsolidated  eolian  sands,  alluvium,  and 
lacustrine  deposits  15  to  30  m  thick.  Beneath  this  material  are  the  tertiary  Santa 
Fe  and  Galisteo  formations,  180  to  300  m  thick  (Bedsun,  1983).  A  typical  near¬ 
surface  P-wave  velocity  section  is  shown  in  Figure  14  (Stump  and  Reinke,  1982). 


$75  m/» 

Flo.  14.  Generalized  geologic  cross-section  of  McCormick  Ranch. 
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Near-surface  deposits  are  fairly  variable  with  intermittent  caliche  beds 
present.  Trenching  at  other  test  sites  in  the  area  has  revealed  discontinuous 
subsurface  caliche  beds  typically  on  the  order  of  0.5  to  1.0  m  in  thickness  (Stump 
and  Reinke,  1982).  In  an  effort  to  quantify  the  nature  of  the  subsurface  variability 
at  the  ART  2  test  site,  18  boreholes  were  drilled  within  the  confines  of  the  test 
bed  (as  shown  in  Figure  15).  Each  borehole  was  drilled  to  depth  of  6.1  m.  Standard 
penetration  tests  were  performed  in  each  hole.  The  standard  penetration  test 
involves  determining  the  number  of  hammer  blows  required  to  drive  a  sampling 
tube  a  unit  distance.  This  blow  count  is  related  to  the  in  situ  density  and  com¬ 
pressive  strength  of  the  subsurface  material  (Terzaghi  and  Peck,  1967).  Figure 
16  displays  the  blow  counts  per  meter  for  each  borehole  down  to  the  6  m  depth. 
Figure  15  contains  isopach  maps  showing  the  lateral  distribution  of  the  areas  of 
similar  blow  counts  as  a  function  of  depth. 

A  thorough  understanding  of  the  physical  processes  responsible  for  the  ob¬ 
served  azimuthal  variability  in  the  ART  2  test  requires  that  a  quantitative  re¬ 
lationship  be  established  between  the  subsurface  material  property  information 
and  the  observed  ground  motion  characteristics.  Aki  and  Richards  ( 1980)  present 
such  a  relationship.  Following  Chernov  ( 1960 1,  they  characterize  the  statistical 
nature  of  geologic  media  by  the  autocorrelation  of  the  velocity  fluctuation. 
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PENETRATION  TEST  -  ARTS 


Kit,  15.  Layout  of  boreholes  within  the  ART  2  test  bed  and  isopach  map  of  blow  counts 
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SPT  DATA  ART  1-2  TEST  BED 
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Fig.  16.  Plots  of  blow  counts  versus  depth  (data  points  from  all  16  boreholes  are  included.) 

For  (j.  =  -6CCo,  where  C0  =  velocity,  the  normalized  autocorrelation  function 
is  defined  by 


Mr)  =  (p(r')  •  pt(r'  +  r))/(|i2) 

where  r  denotes  position. 

Two  statistical  distributions  are  considered 

1.  the  exponential  distribution:  Mr)  =  e~  r  ° 

2.  the  Gaussian  distribution:  Mr)  = 

The  quantity  a  is  the  measure  of  scale  length  of  the  medium  inhomogeneity  called 
the  correlation  distance. 


Once  a  medium  is  described  statistically  in  terms  of  Mr),  then  the  Born  scat¬ 
tering  approximation  may  be  used  to  determine  the  strength  of  the  scattering 
as  a  function  of  frequency  for  the  medium.  The  Born  approximation  assumes  that 
the  primary  waves  are  unchanged  by  propagation  through  a  scattering  medium 
so  that  energy  conservation  is  violated.  Only  single  scattering  is  considered.  Fol¬ 
lowing  Aki  and  Richards  (1980),  the  ratio  of  scattered  energy  to  total  energy  is 
given  as  follows 


bl'I  -  8(1/0  ■  h*  ■  a*  ■  L  for  ka  <  1,  and 
6/7  =  2<p.O  •  k*  ■  a  ■  L  for  ka  >  1 
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where  6/7  is  the  ratio  of  scattered  energy  to  the  total  energy  carried  by  the  wave, 
(pT)  is  the  average  of  the  square  of  the  velocity  pertubation,  k  is  the  wavenumber, 
a  is  the  scale  length  or  correlation  distance  of  the  medium,  and  L  is  the  length 
of  the  travel  path. 

Making  the  assumption  that  there  is  a  linear  correlation  between  the  blow 
count  value  at  a  particular  point  and  the  P- wave  velocity  at  the  same  point,  we 
shall  attempt  to  relate  the  observed  azimuthal  variability  in  the  ART  2  data  with 
the  blow  count  data  using  the  scattering  theory  discussed  previously.  The  mean 
was  computed  for  the  set  of  blow  count  data  for  all  of  the  holes.  This  yields  a 
mean  value  of  50  blows'0.30  m.  This  value  was  treated  as  Co  in  the  scattering 
equations.  The  autocorrelation  function  was  then  computed  of  the  following  ratio: 
(BC,  -  BC)/BC,  where  BC,  is  the  individual  blow  count  value,  and  BC  is  the 
mean  value  of  all  blow  counts.  The  autocorrelation  functions  were  computed 
separately  for  each  hole. 

Values  of  the  autocorrelation  functions  of  the  blow  count  data  for  all  of  the 
holes  are  plotted  in  Figure  17.  Also  plotted  in  Figure  17  are  several  theoretical 
autocorrelation  functions  for  different  values  of  the  correlation  length  a,  for  both 
the  Gaussian  and  exponential  distribut  ions.  Based  on  examination  of  these  plots, 
the  theoretical  distribution  function  which  best  fits  the  data  is  apparently  an 
exponential  function  with  a  scale  length  between  2.0  and  3.0  m.  This  scale  length 
applies,  of  course,  only  to  the  vertical  distribution  of  inhomogeneities.  The  hor¬ 
izontal  inhomogeneity  scale  length  could  well  be  different  in  character.  The  hor¬ 
izontal  spacing  of  the  boreholes  (=6.7  m)  is  much  too  wide  to  allow  any  sort  of 
reasonable  estimate  of  the  horizontal  scale  length.  (This  spacing  yields  a  Nyquist 
wavelength  of  13.4  m.) 

Using  the  Born  equations,  the  ratio  of  scattered  energy  to  total  energy  (&//,) 
was  computed  foi  the  ART  2  test  bed  using  several  values  of  the  inhomogeneity 
scale  length  as  shown  in  the  plots  in  Figure  16.  The  k  1  case  is  appropriate 
for  most  of  the  frequency-scale  length  combinations  under  consideration  here. 
The  ka  1  case  is  appropriate  for  scale  lengths  greater  than  2  m  in  the  higher 
frequency  region  020  Hz).  Both  curves  indicate  that,  for  scale  lengths  of  2.0  to 
3.0  m,  significant  (6/7  >  0.10)  scattering  begins  near  10  Hz.  Significant  scattering 
in  the  AR'l  z  test  data  occurs  above  30  to  35  Hz  (F’rure  4).  There  are  several 
possibilities  for  this  apparent  poor  correlation:  ( 1 )  the  Born  approximation  is  valid 
onlv  for  small  values  of  scattered  energy:  (2)  the  autocorrelation  function  which 
was  derived  pertains  only  to  the  vertical  distribution  of  inhomogeneity  and  thus 
the  scale  length  which  is  appropriate  for  the  overall  propagation  medium  could 
be  considerably  different  from  2.0  to  3.C  m;  (3)  a  finer  spatial  sampling  of  the 
near  surface  blow  count  values  might  well  yield  a  smaller  scale  length;  and  (4) 
the  assumed  correlation  between  blow  count  data  and  P- wave  velocity  may  be 
incorrect. 

To  determine  the  effect  of  varying  the  scale  length  upon  the  theoretical  scat¬ 
tered  energy,  6/7  as  a  function  of  frequency  was  computed  for  correlation  lengths 
of  1.0,  0.5,  and  0.25  m  (Figure  18).  For  these  scale  lengths,  the  frequency  at  which 
scattering  becomes  significant  is  in  the  25  to  30  Hz  region.  This  result,  partic¬ 
ularly  the  0.5  curve,  correlates  much  better  with  the  observed  threshold  of  am¬ 
plitude  fluctuation  in  the  ART  2  test.  A  correlation  scale  length  in  the  neigh¬ 
borhood  of  0.5  to  1.0  m  is  also  not  unreasonable  in  light  of  the  results  of  the 
"Huddle”  test  (ART  19)  in  which  all  of  the  instrumentation  was  placed  in  a  group 
approximately  i  ir.  width  (Figure  5).  Examine*'™  of  the  spectra  from  this  test 
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Fig  17.  Experimental  autocorrelation  function  compared  with  Gaussian  and  exponential  auto¬ 
correlation  functions  The  lines  on  the  plot  are  the  theoretical  autocorrelation  functions.  The  exper¬ 
imental  autocorrelation  functions  from  all  holes  are  represented  by  data  points,  spl  =  standard 
penetration  test. 
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in  Figure  6  reveals  that  the  spectra  of  the  endmost  instruments  separated  by  a 
distance  of  approximately  1  m  begin  to  diverge,  whereas  the  spectra  from  in¬ 
struments  spaced  more  closely  correlate  very  well.  Shallow  trenching  in  the  gen¬ 
eral  test  site  area  suggests  that  a  typical  caliche  bed  thickness  is  on  the  order 
of  0.5  to  1.0  m,  although  a  typical  lateral  extent  may  be  slightly  greater  (Stump 
and  Reinke,  1982). 

This  simple  forward  model  indicates  that  the  azimuthal  variability  in  the  ART 
2  data  can  be  explained  with  a  scattering  model  based  upon  the  Bom  approxi¬ 
mation.  The  implication  is  that  the  particular  standard  penetration  test  array 
did  not  properly  characterize  the  appropriate  scale  length  due  to  inadequate  hor¬ 
izontal  or  vertical  spatial  sampling,  since  blow  count  values  were  obtained  by 
counting  the  number  of  blows  required  to  drive  the  sampling  tube  a  distance  of 
0.6  rn.  This  sample  interval  yields  a  Nyquist  wavelength  of  1.2  m. 

Discussion  and  Conclusions 

The  results  of  the  ART  experiments  have  shown,  at  least  for  this  particular 
alluvial  test  site,  that  the  predominant  cause  of  azimuthal  variation  in  ground 
motion  response  is  inhomogeneity  in  near-surface  geologic  material  rather  than 
very  near-source  asymmetry.  Considering  that  this  particular  site  in  general  is 
thought  to  have  a  fairly  uniform  near-surface  geologic  composition,  the  degree 
of  azimuthal  variation  observed  from  these  small  tests  is  fairly  remarkable.  Ex¬ 
periments  A  this  type  should  be  performed  at  several  sites  to  further  constrain 
the  I  elatiulislnp  between  the  spectral  CV  aliu  the  Val  iatiOli  in  the  geologic  stl  uc- 
ture.  Such  surveys  will  aid  greatly  in  the  interpretation  and  understanding  of 
ground  motion  data  from  small-scale  field  tests.  It  is  clear  that,  for  a  small-scale 
test  performed  at  the  ART  2  site,  deterministic  interpretations  of  the  data  cannot 
be  made  above  the  30  to  35  Hz  region.  CV  surveys  could  also  place  limitations 
upon  the  interpretation  of  near-source,  regional,  and  teleseismic  measurements 
of  earthquakes  and  explosions  made  at  a  single  point.  These  surveys  may  be 
useful  in  explaining  the  lack  of  coherence  between  individual  station  pairs  in 
small  seismic  arrays,  such  as  the  Pinon  Flat  array  (Vernon  et  a!.,  1985). 

In  this  study,  an  initial  attempt  was  made  at  relating  the  available  subsurface 
information  at  the  ART  2  site  with  the  observed  waveform  variation  in  the  test. 
This  attempt  was  not  very  successful,  probably  due  to  insufficient  spatial  reso¬ 
lution  of  the  subsurface  sampling  performed.  Forward  modeling  argues  that  the 
scale  lengths  which  are  present  in  the  ART  2  test  bed  are  perhaps  on  the  order 
of  0.5  to  1.0  m  rather  than  2.0  to  3.0  m,  as  determined  from  the  autocorrelation 
of  the  standard  penetration  test  blow  count  data.  Use  of  other  sampling  tech¬ 
niques,  such  as  the  seismic  cone  penetrometer  test  (in  which  the  force  necessary 
to  drive  a  rod  into  the  ground  is  measured  and  a  geophone  in  the  rod  tip  is  used 
to  perform  a  velocity  sur  'ey),  could  enable  much  finer  spatial  resolution  to  be 
obtained  both  horizontally  and  vertically,  allowing  a  greatly  improved  charac¬ 
terization  of  the  random  properties  of  the  medium. 
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EXPERIMENTAL  CONFIRMATION  OF  SUPERPOSITION  FROM 
SMALL-SCALE  EXPLOSIONS 

By  Brian  W.  Stump  and  Robert  E.  Reinke 
Abstract 

An  in  situ  experimental  program  in  alluvium  is  implemented  and  analyzed 
to  test  linear  superposition.  Atter  separating  stochastic  and  deterministic 
propagation  path  ef/ects,  direct  superposition  is  experimentally  validated  at 
20  m  for  two  5-lb  charges  spaced  as  close  as  2  m  in  alluvium.  The  charges 
are  separated  by  the  scaled  range  of  147  m/kt1 3  and  observed  at  the  scaled 
range  of  1470  m/kt1 3.  Finite-spatial  source  effects  are  observed  and  simulated 
in  the  plane  passing  through  two  charges  separated  by  2  to  10  m.  The  de¬ 
terministic  single-burst  waveforms  are  used  to  model  the  multiple-burst  data. 

The  effects  observed  and  simulated  include  direct  superposition  below  the 
corner  frequency,  shift  to  lower  corner  frequency  with  increasing  charge  sep¬ 
aration,  and  spectral  scalloping.  For  charges  closely  spaced  (up  to  4  m,  ob¬ 
served  at  20  and  24  m),  the  primary  effect  on  the  waveform  is  replicated  by 
a  constant  delay  time  between  two  identical  waveforms.  For  charges  spaced 
by  10  m  (observed  at  20  and  30  m),  the  effects  of  propagation  path  differences 
must  be  included.  These  effects  result  in  smoothed  spectra. 

Introduction 

The  effect  of  finite  sources  on  radiated  wave  fields  has  received  considerable 
attention  from  the  earthquake  source  community.  Such  work  has  increased  the 
understanding  of  source  phenomenology  while  improving  the  ability  to  estii  ate 
ground  motions  from  broad  classes  of  earthquake  sources.  Finite-explosive  ai  ay 
effects  have  received  far  less  attention  within  the  seismological  literature. 

The  primary  focus  of  this  study  is  the  investigation  of  finite-spatial  soui  v 
effects  from  chemical  explosions.  In  particular,  the  interaction  of  determinist  ' 
and  stochastic  wave  propagations  with  the  source  characterization  problem  w'ii 
be  discussed.  Evidence  supporting  linear  superposition  will  be  shown.  The  as¬ 
sumption  of  linear  superposition  leads  to  a  predictive  capability. 

Spatial  arrays  of  chemical  explosions  an  used  in  a  number  of  different  fields. 
The  mining  industry  uses  arrays  of  explosives  in  both  open-pit  and  subsurface 
excavation.  The  spatial  distribution  of  charges  and  timing  cf  their  detonation 
are  used  to  control  the  extent  of  material  excavated,  the  size  of  the  rubble,  and 
the  far-field  ground  motion  levels  (Bergman  et  a!.,  1974;  Hagan  and  Just,  1974: 
Winzer,  1978).  The  majority  of  work  in  this  area  has  dealt  with  laboratory  and 
field  data,  resulting  in  the  development  of  practical  relationships  for  explosive 
array  design  (Winzer  and  Ritter,  1980;  Winzer  et  al.,  1981;  Anderson  ct  a!.,  1982 ». 
Little  theoretical  work  or  numerical  modeling  of  these  effects  has  been  completed. 
This  type  of  investigation  has  not  beer  necessary,  since  the  properly  scaled  ex¬ 
periments  in  the  materials  of  interest  can  be  conducted. 

The  second  area  where  arrays  of  explosives  are  employed  is  in  the  simulation 
of  ground  motions  from  earthquakes  <Bleisweis,  1973;  Higgins  et  al.,  1978).  Al¬ 
though  data  from  natural  events  are  available,  the  recurrence  interval  of  great 
earthquakes  has  retarded  the  development  of  adequate  natural  data  sets.  Where 
site-specific  data  are  required  and  the  historical  data  base  is  absent,  explosive 
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simulation  of  earthquake  environments  may  help  refine  loads  on  engineering 
structures. 

Since  the  onset  of  the  above  ground  test  ban  treaty,  the  utilization  of  high 
explosive  arrays  in  simulating  ground  motion  environments  from  nuclear  ex¬ 
plosions  has  been  the  only  way  to  exercise  engineering  structures  (Cooper,  1970). 
These  studies  have  focused  upon  regions  where  the  stress-strain  relations  are 
apparently  nonlinear.  The  spatial  and  temporal  dimensions  of  the  source  are 
adjusted  to  produce  motion  environments  with  prescribed  amplitudes  and  pulse 
widths. 

In  each  of  the  three  previous  applications  of  explosive  arrays,  the  focus  has 
been  upon  the  near-source  wave  field.  The  radiated  energy  from  these  explosive 
arrays  in  the  far-field  is  of  interest  to  the  community  responsible  for  discrimi¬ 
nating  earthquakes  from  explosions.  In  the  advent  of  a  comprehensive  test  ban 
treaty,  one  would  have  to  be  able  to  discriminate  between  a  mining  blast  which 
might  be  as  large  as  several  hundred  thousand  pounds  of  explosives  and  a  low- 
yield  nuclear  explosion.  Quantification  of  the  effects  of  arrays  of  chemical  ex¬ 
plosions  may  aid  in  this  discrimination.  Preliminary  work  in  this  area  has  been 
completed  by  Greenhalgh  <1980).  A  complete  understanding  of  the  problem  relies 
upon  relating  the  near-source  models  and  data  to  the  far-field  environment. 

The  investigation  of  superposition  from  in  situ  experiments  is  of  interest  as  it 
relates  to  the  intermediate  stress  level  response  of  the  media.  The  distance  at 
which  the  transition  from  linear  to  nonlinear  response  occurs  has  been  questioned 
by  a  number  of  investigators  (Trulio,  1978;  Larson,  1982,  Minster  and  Day,  1986). 
Larson  <  1982 1  reports  that  linear  superposition  holds  in  the  plane  of  symmetry 
from  two  small  charges  in  salt  in  the  laboratory  irange  of  16b  m  kt1  a). 

The  approach  to  finite-explosive  arrays  reported  here  relies  on  a  characteri¬ 
zation  of  the  single-burst  ground  motion.  The  specific  quantification  used  is  from 
Reinke  and  Stump  '1987),  referred  to  as  Paper  I.  In  that  work,  the  single  burst 
is  experimentally  quantified,  with  consideration  given  to  source  symmetry,  prop¬ 
agation  path,  and  scattering.  The  wave  field  is  experimentally  divided  into  a 
deterministic  and  stochastic  component,  with  the  deterministic  component  uti¬ 
lized  in  predictions.  Practically,  the  single-burst  quantification  is  completed  in 
both  the  time  and  frequency  domains,  yielding  mean  and  variance  estimates. 

The  single-burst  source  quantification  is  used  to  test  for  linear  superposition 
with  multipie-burst  experimental  data.  This  model  is  used  to  explore  finite-spa¬ 
tial  source  effects  in  the  observational  data  base. 

Experimental  Design  and  Implementation 

The  experiments  are  summarized  in  Figure  1.  The  5-lb  charges  were  placed  in 
1.22  m  holes  with  a  diameter  of  0  3  5  m.  Charges  were  placed  at  the  bottom  of 
the  hole.  The  holes  were  then  backfilled  with  sand. 

Force-balance  accelerometers  were  used  as  sensors.  The  three  components 
(housed  in  a  single  case;  were  oriented  in  the  radial  (positive  away),  transverse 
(positive  clockwise),  arid  vertical  (positive  up)  directions  with  respect  to  the 
source.  The  case  was  buried  in  the  alluvium  so  that  its  top  was  flush  with  the 
free  surface.  Paper  1  reports  the  good  coherence  between  1  and  70  Hz  observed 
when  all  instruments  were  placed  side-by-side  in  a  Huddle  test.  The  accelero¬ 
meter  outputs  were  passed  through  a  12-bit  analog  to  digital  converter  in  the 
field  and  recorded  on  cassette  tape  with  a  sample  rate  of  200  samples  sec.  A  five- 
pole  antialias  filter  was  placed  at  70  Hz. 
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The  test  site  was  chosen  for  its  apparent  homogeneity  and  consisted  of  dry 
alluvium.  Further  discussion  of  its  properties  are  given  in  Paper  I. 

As  reported  in  Paper  I,  a  number  of  single-burst  experiments  were  conducted 
to  characterize  the  source  and  media  with  offsets  between  10  and  30  m.  The  finite- 
source  data  focused  upon  the  two  explosion  cases,  since  this  data  can  be  used  to 
constrain  the  basic  characteristics  of  source  interaction.  As  Figure  ]  illustrates, 
charge  separation  was  varied  between  2  and  10  m  at  2  m  increments.  The  prox¬ 
imity  of  the  charges  to  the  free  surface  (1.22  m)  resulted  in  significant  venting 
to  the  free  surface  at  detonation  and  the  formation  of  craters.  Ground  motion 
from  the  airblast  arrival  was  not  perceptible  in  the  data  due  to  the  1.22  m  source 
burial  depth.  Crater  diameters  are  given  as  the  solid  lines  bounding  the  charge 
locations  in  Figure  1  and  were  typically  near  2  m.  ARTS  3  produced  a  single, 
elongated  crater  since  the  lateral  charge  separation  was  only  2  m. 

Gauge  arrays  for  the  two  explosion  tests  can  be  separated  into  two  categories. 
The  first  set  of  gauges  (primary  or  center)  were  placed  at  right  angles  to  the 
plane  passing  through  the  charges.  These  gauge  lines  intersected  either  the  mid¬ 
point  between  the  two  charges  (center)  or  one  of  the  charges  (primary  )  and  were 
emplaced  to  check  direct  superposition.  The  second  set  of  gauges  (secondary  i  were 
placed  in  the  plane  of  the  charges,  and  thus  the  effects  of  source  fimteness  were 
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maximized  by  the  travel  path  and  time  differences  between  the  two  sources 
(Figure  1). 

Summary  of  Single-Burst  Characterization 

In  order  to  check  linear  superposition  and  quantify  the  effects  of  spatial  fi¬ 
niteness,  the  single  explosion  source  and  wave  propagation  to  a  variety  of  dis¬ 
tances  must  be  quantified.  ARTS  2  in  Figure  1  is  one  such  test  designed  to  quan¬ 
tify  the  single  source  and  propagation.  A  complete  discussion  of  the  single  source 
is  given  in  Paper  I.  The  time-domain  records  from  ARTS  2  are  given  in  Figure 
2.  When  the  records  are  low-pass  filtered  at  30  Hz,  they  appear  identical  to  one 
another.  The  high-pass  filtered  records  show  significant  vacation  above  40  Hz. 
A  variety  of  tests  were  conducted  and  reported  in  Paper  I  to  quantify  the  cause 
of  these  high-frequency  amplitude  variations.  Strong  evidence  supported  scat¬ 
tering  within  the  geological  media  as  the  cause  of  this  variation. 

This  realization  led  to  the  calculation  of  mean  and  variance  estimates  for  the 
waveforms  from  a  single  explosion.  Figure  3  is  the  mean  =:  1  s.d.  spectra  for  the 
20  m  range  from  the  single  burst.  Figure  4  is  a  similar  representation,  but  in 
the  time  domain. 
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Kir.  2.  The  vertical  acceleration  records  from  ARTS  2.  All  pauses  are  at  20  m.  and  azimuths  ranpe 
from  0  to  288'  Until tered.  low-pass  filtered  (30  Hzi,  and  high-pass  filtered  1 40  Hz1  accelerograms 
are  given 
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The  ensemble  estimates  for  the  spectra  show  small  variances  between  3  and 
35  Hz  for  the  20  m  range.  Beyond  this  "coherent  frequency,”  the  scatter  with 
azimuth  in  the  data  becomes  large  as  exemplified  in  the  bandpass  seismograms 
of  Figure  2.  The  20  m  data  exhibit  8  dB  scatter  at  40  Hz. 

As  reported  in  Paper  I,  a  series  of  tests  were  conducted  to  separate  the  effects 
of  gauges,  gauge  placement,  source  asymmetry,  and  propagation  path  on  the 
high-frequency  data.  The  variation  in  the  data  was  attributed  to  the  geological 
media.  Therefore,  the  deterministic  part  of  the  wave  field  is  defined  as  the  azi- 
muthally  symmetric  data  below  35  Hz. 

Superposition 

The  single-burst  ensemble  spectral  estimates  are  used  to  check  the  applicability 
of  linear  superposition  by  direct  comparison  to  the  multiple-burst  dat  a  from  ARTS 
3  and  7  (Figure  1).  The  first  quantification  of  these  effects  considers  the  case 
where  each  source  is  equidistant  from  the  charge;  thus,  time  delays  between  the 
two  sources  are  nonexistent.  The  primary  and  center  gauge  lines  are  used  to 
check  for  superposition.  Comparisons  between  the  ensemble  estimates  and  the 
data  will  be  reported  only  for  the  20  m  lange.  Similar  conclusions  follow  from 
the  analysis  of  data  at  the  30  m  range. 

Based  upon  the  3  to  35  Hz  coherent  bandwidth  from  the  20  m  ensemble  esti¬ 
mates,  this  frequency  band  is  chosen  to  check  superposition.  For  completeness, 
all  frequencies  between  1  and  100  Hz  are  displayed  in  the  plots.  The  criterion 
chosen  to  test  for  superposition  is  that  the  multiple-burst  data  fall  within  =  1 
s.d.  of  the  ensemble  estimate  of  the  multiple-burst  environment.  Since  the  sto¬ 
chastic  component  of  the  wave  field  leads  to  large  variances  beyond  35  Hz,  the 
criterion  is  not  robust  beyond  this  frequency.  Within  the  coherent  bandwidth, 
the  *  ]  s  d.  bounds  are  3  to  4  dB  for  the  Z  component  and  4  to  5  dB  for  the  R 
component.  The  variability  in  the  geological  structure  limits  checks  on  super¬ 
position  to  within  these  bounds  when  in  situ  measurements  are  made. 

The  20  m  ensemble  estimate  of  the  superposed  spectra  with  variances  is  com¬ 
pared  to  the  primary  and  center  gauges  for  ARTS  3  and  7  in  Figure  5.  The  vertical 
observational  data  compare  well  with  the  superposed  spectra  between  3  to  35 
Hz.  Comparison  of  the  predicted  spectra  with  the  observations  from  ARTS  4 
(Figure  1)  led  to  similar  conclusions.  Each  test  bed  was  displaced  approximately 
30  m  from  the  previous  test  so  that  between  ARTS  2  (used  to  make  single-source 
ensemble  estimates)  and  ARTS  7,  the  test  bed  was  displaced  by  150  m.  Subtle 
changes  in  the  geology  over  these  scale  lengths  may  explain  the  systematic 
changes  in  the  multiple-burst  spectra, 

The  conclusion  to  be  drawn  from  this  analysis  is  that,  within  the  variance  of 
the  multiple-source  estimate,  superposition  holds  for  5-lb  charges  20  m  from  the 
receiver  over  the  frequency  band  of  3  to  35  Hz.  This  includes  two  charges  spaced 
as  close  as  2  m  where  individual  craters  overlap.  Larson  (1982)  reports  super¬ 
position  in  laboratory  salt  validated  for  two  charges  separated  by  168  m/kt1 
from  the  observer.  In  these  in  situ  results,  superposition  is  validated  within  the 
data  scatter  (3  to  35  Hz)  for  two  charges  separated  by  147  m/kt1  3  at  an  observation 
range  of  1470  m'kt1  :t. 

These  results  can  be  compared  qualitatively  wiui  the  reduced  displacement 
potential  predicted  from  the  Mueller-Murphy  (1971)  scaling  relation.  Figure  6 
gives  the  reduced  displacement  potential  for  5-  and  10-lb  explosions,  respectively. 
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VERTICAL  3-20 


VERTICAL  7-20 


frequency 

Kir,  5  'a'  Predicted  and  observed  acceleration  spectra  for  ARTS  3.  with  5-lb  charges  separated 
b>  2  m  ibi  Predicted  and  observed  acceleration  spectra  for  ARTS  7.  with  5-lb  charges  separated  by 
10  m. 


The  source  corner  frequency  is  between  6  and  9  Hz,  remarkably  close  to  what 
one  would  estimate  from  the  acceleration  spectra  (Figures  3  and  4).  The  model 
predicts  that  below  the  corner  that  a  single  charge  of  10  lb  will  nearly  match 
twice  the  5-lb  result.  Above  the  corner  frequency,  the  single  10-lb  charge  will 
not  reach  twice  the  5-lb  result.  The  critical  region  in  the  data  for  testing  super¬ 
position  falls  between  10  and  35  Hz  at  the  20  in  range.  The  exact  location  of  this 
band  is  subject  to  some  error,  since  the  Mueller-Murphy  (1971)  scaling  relations 
were  developed  for  nuclear  sources  of  much  greater  yields.  The  critical  point  is 
that  the  principle  region  of  interest  for  checking  superposition  is  beyond  the 
source  corner.  The  experimental  results  in  Figure  5  support  strict  superposition 
well  beyond  the  source  corner. 
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MUELLER  -  MURPHY  SOURCE 
depth  >  I  m 


Fig.  6.  The  displacement  spectra  from  a  Mueller-Murphy  source  model  for  5  and  10  lb  of  explosives. 


Resolution  ok  Spatial  Finiteness 

In  an  attempt  to  characterize  the  finite-spatial  effects  of  the  multi-burst  en¬ 
vironment,  synthetics  at  e  compared  to  data  recorded  in  the  plane  of  the  linear 
array  of  sources  (Figure  1.  secondary  lines).  The  predictions  are  made  using  mean 
seismograms  constructed  from  data  such  as  that  generated  in  the  ARTS  2  ex¬ 
periment  (Figure  4). 

These  mean  seismograms  are  computed  Fy  time  aligning  the  direct  P  wave 
from  each  observation  and  then  computing  a  mean.  The  20  m  seismogram  from 
the  ARTS  2  experiment  along  with  its  i  1  s.d.  bound  is  given  in  Figure  4.  The 
mean  radial  and  vertical  accelerograms  show  little  scatter,  while  the  transverse 
component  has  standard  deviations  comparable  to  the  mean.  This  observation  is 
in  agreement  with  the  coherent  nature  of  the  radial  and  vertical  motions  between 
3  and  35  Hz,  and  the  large  scatter  for  all  frequencies  of  the  transverse  motion. 
Since  the  deterministic  component  of  the  wave  field  is  of  primary  interest  in  the 
superposition  study,  the  transverse  motion  will  not  be  considered. 

When  two  sources  are  displaced  from  a  receiver  at  different  distances,  the 
following  effects  occur:  (l)a  change  in  arrival  time  of  the  radiated  energy  for 
one  source  relative  to  the  other;  and  (2)  a  change  in  the  waveform  shape,  since 
one  contribution  has  traveled  a  greater  distance  than  the  other.  If  the  receiver 
to  charge  separation  is  large  relative  to  the  spacing  of  the  two  charges,  one  may 
neglect  the  change  in  wave  shape  for  the  two  charges.  This  case  is  investigated 
first  by  superposing  the  mean  seismograms  from  Figure  4,  with  an  appropriate 
delay  time  for  charge  separation.  The  delay  time  becomes 

To  —  X12 tv 

where  X12  is  the  difference  in  length  of  the  two  propagation  paths,  and  v  is  the 
velocity  of  the  media.  The  material  at  the  test  site  has  typical  near-surface  ve¬ 
locities  ranging  from  244  to  366  m/sec.  These  values,  coupled  with  charge  sep- 
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aration  of  2  to  10  m,  led  to  consideration  of  time  delays  of  5  to  40  msec.  The  time- 
domain  results  of  this  delay  and  sum  procedure  are  given  in  Figure  7.  Qualitative 
analysis  of  these  results  show  constructive  interference  for  the  direct-arriving 
body  waves  for  short  delay  times  (5  msec),  with  destructive  interference  leading 
to  complex  waveforms  for  delays  between  15  and  30  msec.  For  delay  times  greater 
than  30  msec,  one  can  observe  the  individual  body  waves  from  the  two  sources. 
The  surface  waves  (which  arrive  at  200  msec)  show  a  gradual  decay  in  amplitude 
over  all  delay  times.  The  40  msec  delay  yields  a  peak  amplitude  which  is  60  per 
cent  of  the  5  msec  delay.  When  the  delay  times  between  the  two  sources  are  small 
compared  to  the  single-burst  pulse  width,  constructive  interference  occurs  while 
complex  waveforms  with  reduced  amplitudes  are  predicted  for  delay  times  com¬ 
parable  to  the  pulse  width  from  the  single  source.  Amplitude  changes  as  a  func¬ 
tion  of  delay  time  for  these  synthetics  are  summarized  in  Figure  8. 

The  frequency-domain  representation  of  the  superposed  waveforms  more  ex¬ 
plicitly  exhibits  the  constructive-destructive  interference.  The  superposed  accel¬ 
eration  spectra  are  compared  against  the  single-burst  mean  observation  in  Figure 
9.  As  quantified  by  Pilant  and  Knopoff  (1964),  spectral  modulation  is  given  by 

cos(ui7V2) 

where  w  is  the  angular  frequency  of  interest. 

Four  qualitative  observations  of  the  multi-burst  spectra  are  made;  (1)  the  low- 
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Fn,  9  The  spectral  estimates  of  the  superposed  accelerations  given  in  Figure  7. 
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frequency  level  of  all  spectra  are  identical,  reflecting  constructive  superposition; 
(2)  the  point  that  the  spectra  diverge  from  the  long-period  level  occurs  at  lower 
frequencies  with  increasing  time  delays;  (3)  large  spectral  holes  are  observed  as 
predicted  with  the  frequency-domain  spacing  decreasing  with  increasing  time 
delay  between  sources;  and  (4)  return  to  constructive  interference  occurs  between 
holes. 

These  results  assume  no  change  in  Green’s  functions  or  propagation  path  effects 
as  the  charge  separation  increases.  The  validity  of  this  assumption  can  be  checked 
against  the  multi-burst  observational  data  (Figure  1).  The  secondary  gauge  lines 
in  the  plane  of  the  charge  array  yield  the  necessary  data. 

The  secondary  gauge  data  for  ARTS  4  and  prediction  utilizing  the  20  m  mean 
data  (15  msec  delay)  is  given  in  Figure  10.  The  prediction  closely  replicates  the 
observational  data,  including  the  large  spectral  hole  at  32  Hz.  Although  the 
observation  and  the  superposition  diverge  above  35  Hz  (the  coherent  bandwidth), 
the  variation  is  small.  Since  the  variation  discussed  in  Paper  I  was  attributed  to 
intermittent  caliche  lenses,  one  might  hypothesize  that  these  lenses  were  not  as 
prevalent  near  the  ARTS  4  site.  The  15  msec  delay  time  represents  a  propagation 
velocity  of  266  m'sec  between  the  two  closely  spaced  charges.  This  velocity  is 
near  the  surface  wave  velocity,  suggesting  the  surface  wave  contribution  is  dom¬ 
inant.  Over  these  close  ranges,  Green’s  functions  change  slowly,  and  the  primary 
effect  on  the  superposed  waveforms  is  a  time  delay. 

For  event  7,  the  20  m  secondary  observation  is  20  and  30  m  from  the  two 
charges.  The  change  in  propagation  path  effects  for  the  20  and  30  m  ranges  were 
dramatic  enough  that  successful  prediction  required  the  use  of  mean  seismograms 
from  single  bursts  observed  at  20  and  30  m.  respectively.  The  30  m  mean  seis¬ 
mogram  was  calculated  in  the  same  manner  as  that  for  the  20  m  given  in  Figure 
4.  Figure  11  displays  the  prediction  and  observation  for  event  7.  The  spectral 
nulls  are  more  closely  spaced  than  in  the  ARTS  4  data,  representative  of  the  25 
msec  arrival  time  difference.  Due  to  the  change  in  propagation  path  between  the 
two  sources,  the  spectral  nulls  are  not  as  pronounced  as  those  observed  when  two 
identical  waveforms  are  superposed. 


EVENT  4  VERTICAL 


Yu.  10  '1  he  predicted  superposition  spectra  for  two  charges  at  20  and  24  m  iARTS  4 — secondary1 
compared  to  the  data  and  superposition  with  no  delay  time  imeam. 
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EVENT  7  VERTICAL 


Fig.  1 1.  The  predicted  superposition  spectra  for  two  charges  at  20  and  30  m  (ARTS  7 — secondary 
compared  to  data  and  superposition  with  no  delay  time  or  propagation  differences  imeam. 


There  are  three  propagation  effects  which  lead  to  the  necessity  of  including 
mean  seismograms  from  each  of  the  two  sources  in  ARTS  7:  (1 )  a  change  in  ts  - 
tP  time;  (2 )  geometrical  spreading  effects;  and  (3)  attenuation.  A  simple  analysis 
uf  these  effects  can  explain  the  success  of  the  ARTS  4  superposition  using  the  20 
m  mean  seismograms  and  the  failure  of  ARTS  7  utilizing  only  the  20  m  wave¬ 
forms.  Taking  the  near-surface  velocities  as  Vp  =  366  m  sec,  V,  =  244  m  sec 
(Stump  and  Reinke,  1 982 )  the  ts  -  tP  time  differences  are  0.005  sec  for  ARTS  4 
and  0.014  sec  for  ARTS  7.  The  0.005  sec  change  is  one  sample  interval  in  the 
observational  data  and  corresponds  to  a  31°  phase  shift  at  17  Hz  and  a  63:  phase 
shift  at  35  Hz.  For  ARTS  7,  the  phase  shift  is  86°  at  17  Hz  and  1 76c  at  35  Hz. 
The  phase  shifts  for  ARTS  7  are  dramatic  enough  to  jeopardize  the  single  wave¬ 
form  superposition  procedure.  At  higher  frequencies,  the  ARTS  4  results  should 
also  deteriorate. 

Geometrical  spreading  will  lead  to  amplitude  differences  from  the  two  sources 
which  are  not  accounted  for  in  the  single  seismogram  superposition.  Experi¬ 
mental  determination  of  geometrical  decay  rates  for  this  test  site  give  r~16  for 
the  body  waves  and  r'05  for  the  surface  waves  (Stump,  1983).  For  ARTS  4,  with 
charges  at  20  and  24  m,  the  ratio  of  body  wave  amplitudes  from  the  two  ranges 
is  predicted  to  be  0.75,  while  the  ratio  for  the  surface  wave  amplitudes  is  0.93. 
Similar  calculations  for  ARTS  7  give  the  body  wave  ratio  as  0.54  and  the  surface- 
w'ave  ratio  as  0.82.  These  calculations  indicate  that,  at  least  for  the  body  waves, 
the  single  range  superposition  procedure  for  ARTS  7  is  inadequate. 

Finally,  the  effect  of  attenuation  (Q)  must  be  quantified.  The  range  of  Q  values 
for  the  dry  alluvium  environment  can  be  bounded  between  10  and  40  (Flynn, 
1986).  The  simple  exponential  Q  model  e~  where  f  is  the  frequency  and  t 

is  the  shear  arrival  time,  was  developed  to  quantify  these  effects  for  the  3  to  35 
Hz  band.  The  24  to  20  m  ratios  show  only  moderate  Q  effects  even  at  the  highest 
frequencies  and  smallest  Q.  The  30  to  20  m  ratios  give  a  value  of  0.63  for  Q  - 
10  and  /  =  35  Hz.  Although  Q  effects  are  less  dramatic  than  the  phase  shifts 
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and  geometrical  spreading  terms,  they  may  become  significant  for  ARTS  7,  if  the 
Q  value  of  10  is  tal.en. 


Conclusions 

The  series  of  small-scale  explosive  experiments  tested  the  applicability  of  linear 
superposition  in  the  near -field.  The  study  has  shown  that  one  must  separate 
stochastic  and  deterministic  propagation  path  effects  from  the  single-burst  wave 
field  prior  to  testing  for  superposition.  Once  this  process  has  been  completed 
(Paper  I),  then  superposition  is  verified  as  the  two  burst  wave  fields  fall  within 
=  1  s.d.  of  the  ensemble  estimate  (3  to  35  Hz).  Thus,  superposition  is  supported 
for  two,  5-lb  charges  spaced  as  close  as  2  m  (147  m'kt1  3).  Comparison  with  the 
Mueller-Murphy  source  function  for  5  and  10  lb  shows  that  superposition  must 
be  checked  above  the  corner  frequency. 

Finite-spatial  source  effects  are  experimentally  quantified  by  recording  data 
in  the  plane  of  the  two  charges.  These  finite  effects  in  the  near-field  include:  (1) 
a  rise  in  long-period  spectral  values  that  match  direct  superpositon;  (2)  lowering 
of  corner  frequency  with  increased  source  separation;  and  (3)  spectral  scalloping 
at  high  frequencies.  Comparison  of  superposed  ensemble  spectra  (time  delayed) 
show  that,  when  travel-time  differences  between  the  two  sources  are  the  primary 
effects  in  the  observed  wavefield,  then  the  observed  data  are  replicated,  which 
include  large  interference  holes  in  the  spectra.  As  propagation  path  differences 
between  the  two  charges  result  in  waveform  changes,  the  superposition  procedure 
can  be  applied  using  separate  ensemble  estimates  for  each  range.  The  resulting 
waveforms  again  match  the  observations.  Interference  holes  that  were  so  prev¬ 
alent  when  only  source  delay  time  was  present «  \RTS  4)  are  not  as  well  defined 
when  wave  shape  changes  due  to  propagation  are  present  in  the  superposition 
(ARTS  7).  These  propagation  effects  were  quantified  with  the  change  in  ts  -  t,, 
from  the  two  charges  leading  to  large  phase  shifts  for  ARTS  7.  Differences  in 
geometrical  spreading  and  Q  for  the  two  charges  in  ARTS  7  were  important, 
although  not  as  strong. 

Utilizing  the  principles  of  superposition  as  applied  to  the  deterministic  portion 
of  the  wave  field,  a  procedure  has  been  developed  which  can  be  used  to  predict 
waveforms  from  arrays  of  explosives.  This  procedure  assumes  that  the  single- 
burst  environment  has  been  characterized  and  may  require  the  environment  to 
be  quantified  at  a  number  of  ranges  when  arrival  time  differences,  geometrical 
spreading  differences,  and  attenuation  differences  are  important.  The  effect  of 
arrival  time  and  attenuation  differences  increases  with  frequency. 
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